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 At the start of the third millennium, over 50% of the world's population lives in 
urban areas and the number is growing. One of the major problems faced by growing 
cities worldwide is the shortage of potable water. On one hand, there is a constant search 
of new sources of potable water. On the other hand, urban runoff is considered as a 
nuisance and is disposed off as quickly as possible. The change in paradigm for urban 
runoff from waste to resources is generating considerable attention in many urban centers 
around the world including Singapore.  
This dissertation presents one of the first studies that systematically investigated 
the fate and transport of trace elements in various sectors of urban runoff in a tropical 
country with abundant rainfall throughout the year and also studied the relative 
contributions of major sources of trace elements based on statistical modeling. In addition, 
the feasibility of using biosorbents to decontaminate urban runoff was evaluated.  
 To determine basic water quality parameters and concentrations of major 
chemical components in stormwater runoff from different sectors of the urban area in 
Singapore, an intensive sampling program was conducted with collection of fresh 
rainwater, and urban runoff from roof, residential and commercial areas. The pH of 
rainwater in Singapore was acidic, but increased to pH between 6.5 and 7 in urban runoff 
collected from commercial and residential areas. The dissolved organic carbon content 
ranged between 0.8 and 10 mg/L. Concentrations of major ions were mostly below the 
allowable contamination limits stipulated by Singapore’s environmental law, WHO and 
USEPA. The total suspended solids ranged from 10 to 196 mg/L. 
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 The grab samples collected from different land use sectors were investigated for 
the presence of 13 trace elements to study their spatial distributions. Concentrations of Al, 
Fe and Zn were higher than the other trace elements in all sectors. However, all the trace 
elements under consideration were below the trade effluent discharge limit stiplulated by 
Singapore’s environmental law. Principal component analysis (PCA) confirmed that the 
quality of urban runoff from different sectors was significantly different from each other. 
Enrichment factor analysis revealed that most of the trace elements except Ti and V were 
of anthropogenic origin. Logical rules were generated using classification and regression 
tree (CART) analysis to distinguish the urban runoff from different sectors with an 
accuracy of 95%.  
 Temporal variations in trace element concentrations within a storm event were 
investigated using an automated sequential sampler in residential and industrial areas. 
The chemical analysis revealed that some of the trace elements such as Co, Ni, Ti, V and 
Zn exhibited first flush phenomena while others did not. In terms of total concentrations, 
the abundance of the elements was in the order of Fe>Al>Zn>Ti for residential runoff 
while it was Fe>Zn>Al>Cu for industrial runoff.  It was found that the environmentally 
mobile fraction was substantial and the concentration of trace elements in dissolved form 
could increase many folds with changes in environmental conditions such as the 
increased acidity of the stormwater. Possible sources of trace elements were identified 
based on statistical analysis such as correlation analysis and PCA. In residential areas, 
crustal leachout, paint flakes from building walls, and atmospheric deposition were found 
to be the possible sources. As for the industrial runoff, the most probable sources of trace 
 x
elements were emissions from nearby petrochemical and semiconductor industries, 
corroded metal roofing and vehicular activities.  
 Street dust which is considered to be the major contributor of trace elements in 
urban runoff was studied in depth. The chemical characteristics of trace elements in street 
dusts from three distinct land use sectors (residential, commercial and industrial) were 
studied.  The street dust was found to mainly consist of Fe, Al, Cu, and Zn, with 
industrial area having the highest concentrations among the three sites. The spatial 
distributions of total concentrations of individual trace elements were statistically 
significant, and all the trace elements except Ti were found to be of anthropogenic origin. 
The solubility characteristics of the trace elements in street dusts were studied 
using deionized (DI) water, acidified water and river water. The results suggested that 
most of the trace elements are slightly soluble under normal conditions (around neutral 
pH), but their solubility increased significantly with the acidity of samples. Rainwater, 
which is increasingly becoming acidic in this region, is likely to leach out significant 
amounts of trace elements from the street dust. Dissolution kinetics studies indicated that 
Cd had the highest dissolution potential and Al had the least among the thirteen elements. 
 Speciation of trace elements in street dust was studied on weekly samples 
collected over a six month period. The fractions investigated during the speciation study 
were water soluble, acid soluble, reducible, and residual. It was found that most of the 
trace elements were in the residual phase which could finally settle as bottom sediments 
in the receiving water bodies. Statistical analysis on the speciation data also confirmed 
that there is a distinct spatial variation in the concentrations of trace elements from 
different sectors of an urban area. Temporal variations, however, was not distinct for 
 xi
Singapore.  Factor analysis was used for source apportionment, and the results indicated 
that crustal leachout, metallurgical processes and industrial activities were the largest 
contributors of the trace elements in the street dust in residential, commercial and 
industrial sites respectively. 
 It is desirable to treat urban runoff to protect the quality of receiving water bodies. 
Advanced technologies involving membrane filtration can treat urban runoff, but at high 
capital and environmental costs because of the high volume of urban runoff. 
Conventional technologies that are suitable for industrial effluents with high 
concentrations of contaminants are often ineffective or cost prohibitive when applied to 
low concentration levels present in urban runoff. Environmentally friendly and cost-
effective treatment techniques are therefore desirable to treat large volume of urban 
runoff with trace contaminants. Biosorption using locally available biomaterials could be 
the solution to decontaminate urban runoff with smaller carbon footprints. To find the 
best sorbent, seven low cost adsorbents (five locally available biosorbents, and two 
commercial sorbents) were studied for their sorption potential. Crab shell, a byproduct of 
sea food industry, was found to be the best sorbent and was used for a detailed 
investigation involving batch and column studies.  It was found that biosorption could be 
performed at normal pH of urban runoff (between pH 6 and 7), and the overall removal 
efficiency for all the heavy metal ions were greater than 85%. 0.1M HCl can desorb more 
than 96% of heavy metals (Cu, Pb, Zn, Co, Cd, Mn, and Ni), and thus the biosorbent can 
be reused.  
Biosorption of Arsenic (As) using crab shell was studied separately because of its 
distinct properties. The maximum biosorption of As(V) onto crab shell was achieved at 
 xii
pH 3, and the biosorption isotherm was best modeled using Toth model. The kinetics of 
biosorption was fast, with 90% removal within 1.5 hours, and was modeled using pseudo-
second order model. Ionic strength strongly affected the As(V) uptake by crab shell due 
to Cl- competition in occupying the positively charged sites of the biosorbent. 0.1M HCl 
can desorb more than 98% of As(V) and the crab shell can be reused. 
In summary, this study highlighted the significant difference in the concentration 
of trace elements in urban runoff and street dust from different land use sectors of an 
urban area. The concept of waste-to-resource conversion was utilized in the treatment of 
urban runoff by using crab shell to sequester trace elements from urban runoff, which is 
now considered as a potential source of water for both potable and non-potable purposes. 
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Chapter 1. Introduction 
1.1. Background 
Water is indispensable for human health and well-being. Global consumption of water is 
doubling every 20 years, more than twice the rate of human population growth (Barlow and 
Clarke, 2002). If current trends persist, by 2025 the demand for fresh water will rise by 56 
percent and as many as two-thirds of the world's population will be living with serious water 
shortages, or absolute water scarcity (UNESCO, 2003). A 1997 United Nations assessment of 
freshwater resources found that one third of the world’s population lives in countries 
experiencing moderate to high water stress. Water scarcity is mainly severe in urban areas where 
the population density is high. More than half of the world’s population now lives in urban areas, 
compared to little more than one-third in 1970s. It is forecasted that urban population will grow 
and reach an overall 69.6% by 2050. Over the next four decades, Asia and Africa will experience 
unprecedented increase in urban population with projection of more than double for Asia and 
triple for Africa (UN, 2008).   
The issue of increasing urban population and associated increase in water demand in 
urban areas is unfortunately a common phenomenon in many urban centers of the world. In 
Singapore, where 100% of population is now classified as urban, the population and water 
demand have been increasing rapidly over the past few decades. In 1950, the population of 
Singapore was a little over a million and the demand for potable water was 142,000 cubic meters 
a day. By 2010, the population has increased by 4 times, but the water demand has increased by 
more than 8 times as a result of industrialization, commercial sector growth and higher standard 
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of living (PUB, 2009). The demand for potable water is expected to grow by a third in next 10 
years. 
The rapid pace of urbanization brings along several changes. Imperviousness on the land 
cover increases with urbanization and affects hydrological flow processes. Higher peak flows 
and shorter lag time are generally seen in urban areas as compared to natural watershed (Lazaro, 
1990). In a natural (undisturbed) catchment, where the majority of the land surface is pervious 
and covered by vegetation, hydrologic abstractions such as canopy interception, soil infiltration 
and evapo-transpiration tend to be large while direct surface runoff tends to be small. When the 
area gets urbanized, there is a major increase in the amount of impervious surface area (streets, 
roofs, parking lots, driveways, and sidewalks) in the catchment, resulting in increase in the 
volume of surface runoff and decrease in infiltration, which in turn decreases the base-flow 
component of downstream water courses. The installation of storm sewers and the realignment 
and channelization of natural streams result in a more rapid transmission of surface runoff in the 
drainage network. The increase in peak discharge rate is often an inevitable consequence of a 
larger runoff volume occurring over a shorter time and may cause flooding of downstream areas. 
Arnold and Gibbons, (1996) have illustrated in detail, the changes of flow processes as 
imperviousness increases with urbanization (Figure 1.1). 
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Figure 1.1. Water cycle changes associated with urbanization 
Source: Environmental Protection Agency, 1993, Arnold and Gibbons 1996 
 
In addition to the change in flow regime of urban runoff, the quality of urban runoff 
changes as it passes through different sectors of an urban area. Human activities introduce a 
variety of contaminants to the stormwater catchments, which affect the quality of water. 
Pollutants that enter the urban water ways can be broadly categorized into two classes (i) point 
sources and (ii) non point sources. Point sources such as wastewater treatment plant effluents are 
regulated by pollution control agencies. However, nonpoint source (NPS) pollution is generally 
not associated with a discharge standard, and can include runoff from agricultural, residential, 
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commercial, and industrial areas. Since NPS is diffuse in nature, it can be difficult to control. 
Several studies have illustrated that NPS pollution in the form of stormwater runoff contributed 
to increased concentrations of pollutants in receiving waters (Mallin et al., 2000; Kirby-Smith 
and White, 2006; Coulliette and Noble, 2008). However, to meet the ever increasing demand of 
potable water in urban areas, all the available sources of water are being used, which include 
surface runoff from urbanized areas. 
 Using urban landscape as catchment has its inherent challenges. Anthropogenic activity 
introduces chemical and biological constituents to the catchments. Trace elements, suspended 
solids, nutrients, pesticides, petroleum products, and E. coli and fecal coliform bacteria are 
generally found in higher concentrations in urbanized and urbanizing areas than in natural 
systems due to increased numbers of people, vehicles, roads, and building materials introduced 
into the landscape (Granier et al., 1990; Davis et al., 2001; Rule et al., 2006). 
Comparison of pollutant levels in various urban centers reveal that the levels of 
contaminants vary from one city to another (Lee et al., 1994; Lu et al., 2009). Further, it has been 
reported that pollutant levels in a large urban area are quite different from those of a small urban 
area (Charlesworth et al., 2003). Though it is common to see that point and non point sources are 
concentrated in urban areas, there is a difference in levels of specific activities in various sectors 
of an urban area. For example inside an urban center, the types and levels of pollutants generated 
in an industrial area are quite different from those from a residential area (Lee et al., 1994; Liu et 
al., 2003).  
The problem of these pollutants in various environmental media is persistent in many 
urban centers (Lee et al., 1994; Barrett and Malina, 1998; Simeonov et al., 2003; 
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Balasubramanian and Qian, 2004). In addition, tropical climatic conditions have very different 
patterns of pollutant transport as compared to the temperate regions. Hudson (1971) and Gupta 
(2002) suggested that the erosive power of tropical storms is about 16 times more than that of 
storms in temperate areas. Thus, the heavy rainfall in tropical areas transport more pollutants to 
water bodies, both by greater wash-off of gaseous pollutants and greater scouring of soils and 
settled dusts. As a result of spatial and temporal variations in surface water quality, a detailed 
study that provides a reliable estimate of pollutants from different sectors of an urban area is 
essential (Aswathanarayana, 1995). 
1.2. Research Objectives 
As the urban centers are becoming increasingly water scarce, urban runoff which used to 
be considered as a nuisance is now getting unprecedented recognition as a potential source of 
potable water. However, anthropogenic activities in the urban areas degrade the quality of urban 
runoff. Pollutants such as nutrients, trace elements and persistent organic compounds that are 
released from various anthropogenic activities find their way into urban runoff through various 
point and non point sources. Thus, depending upon the nature of anthropogenic activities, the 
quality of urban runoff from different sectors varies among each other. The information on the 
quality of urban runoff from different sectors of an urban area is vital for effective management 
and usage of this potential water resource. This is especially true for Asian cities that are 
growing at an unprecedented rate. However, the data on the quality of urban runoff in Southeast 
Asia are sparse, and the information on spatial distribution of quality of urban runoff is rare. The 
specific research gaps identified in the context of urban stormwater management and usage are 
summarized below: 
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I. The basic quality of urban runoff like pH, conductivity, major ions and total 
organic carbon differ from one sector to another. Information on these parameters 
for different sectors of an urban area in tropical climate is limited. 
II. Trace metal and metalloids are among the most problematic pollutants in urban 
runoff. They are of significant concern, because they cannot be degraded and 
some of them are known to be toxic and carcinogenic. The speciation and 
partitioning of these trace elements in different environmental matrices determine 
their fate and transport. Dissolution of the trace elements and their kinetics are site 
specific. 
III. Street dust is known to contain high amounts of trace elements and is one of the 
major sources of these pollutants in urban runoff. The trace elements that appear 
in the dust can be attributed to various sources and its study can lead to source 
control. Such study of source apportionment of trace elements for street dust from 
various sectors of urban area in tropical climate is limited. 
IV. Many of the conventional technologies designed to decontaminate trace elements 
from effluent streams are not effective below 100 mg/L. Recent technologies such 
as reverse osmosis can purify water to a high grade, but the downside of this 
treatment technology is that they are very energy intensive and thus expensive. 
Treatment of a large volume of urban runoff with low concentration of multiple 
toxic metals/metalloid warrants a technology that is cost effective and 
environmentally friendly. Biosorption has been established as an environmentally 
friendly technology to sequester heavy metals from waste streams. However, its 
potential to treat urban runoff is seldom studied. 
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This doctoral study was conducted to fill these knowledge gaps. The main goal of this 
research project is to (i) characterize urban runoff from different land use types of an urban area 
and investigate their sources; (ii) study fate and transport of trace elements in street dust from 
different land use types, and (iii) study the potential of low cost biosorbent to treat urban runoff. 
The specific objectives of this research were to : 
 Quantify the basic parameters of surface runoff from various land use types of an 
urban area in tropical environments and compare with maximum contamination 
level (MCL) set by various agencies like USEPA and WHO; 
 Study temporal and spatial variations of trace elements in urban runoff and 
examine their partitioning process in various phases;  
 Use modeling tools to distinguish runoff from different sectors of an urban area 
 Study elemental composition of street dust and their dissolution characteristics in 
various aqueous media; 
 Examine spatial and temporal distributions of trace elements in street dust and 
determine sources of the metals using multivariate statistical tools; 
 Screen locally available biomaterials to treat urban runoff and evaluate the 
performance of the best biomaterial for removal of selected trace elements in 
terms of its isotherm and kinetics. 
This research’s methodology framework is shown in Figure 1.2. The research is carried 
out in three different but mutually complementary areas namely, (i) characterization of urban 
runoff from different sectors of urban areas, (ii) fate and transport of trace elements in street dust, 
and (iii) selection of biosorbents for low-cost, low energy treatment of urban runoff. Grab and 
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sequential samples were collected from various land use sectors of Singapore to generate 
primary information on chemical characteristics of urban runoff in each sector. Spatial and 
temporal variations of various parameters in urban runoff were studied. Realizing that trace 
elements are of great concern in urban runoff and street dust is one of their major sources, spatial 
and temporal variations of trace elements in street dust were studied. To gain more insight into 
fate and transport of trace elements in street dusts, their speciation and leaching potential were 
investigated. SEM-EDX analysis was used to verify some of the hypotheses used in this study. 
Statistical analysis and modeling of the analytical data obtained from field studies were carried 
out for source assignments of the trace elements. Instead of using conventional water treatment 
technologies, attempts were made to study the feasibility of utilizing locally available 
biosorbents to treat urban runoff. For this purpose, five locally available biosorbents were 
screened and compared with two commercials sorbents. In the end, crab shell was found to be 
the best biosorbent. Adsorption/Desorption and column experiments were conducted to test its 
practical usability. Arsenic, being the most toxic element, was studied separately with a detailed 
study on parameters optimization, isotherm, kinetics, modeling, and desorption studies.  
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Figure 1.2. Research methodology and framework 
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1.3. Local Relevance of This Study  
Singapore is a small, island city-state in Southeast Asia, located at the southern tip 
of the Malayan Peninsula between Malaysia and Indonesia. It is one of the most densely 
populated islands in the world with a population density of 6814 per km2 and a total 
population of 4.84 million (Year Book of Statistics, 2009). Predominant land use patterns 
on the main island of Singapore are residential, commercial, and industrial developments. 
Increasing urbanization has led to significant changes in the natural systems, which 
include alterations in the hydraulic flow regime as well as shifts in the chemical and 
biological makeup of stormwater runoff from these developing areas. Infiltration capacity 
is decreased due to the increase in impervious surface and disrupted native soils and 
vegetation. Natural retention and detention capabilities of a catchment are removed 
through channelization of natural waterways and the installation of formal drainage 
systems such as pipes and gutters, increasing flooding risks. Singapore has been 
successful in mitigating flood problem due to the government’s relentless efforts to 
improve its drainage channels. Through sustained efforts, the extent of flood-prone areas 
in Singapore has been reduced from 3,178 hectares in the 1970s to only about 124 
hectares in 2009 and further plans are underway to reduce flood-prone areas to less than 
100 hectares (PUB, 2009). After overcoming the flooding problems, Singapore is 
currently undertaking another water related challenge – sustainable water supply (World 
Bank, 2006). 
Singapore is officially a ‘water stressed nation’. Insuring adequate supply of 
potable water to its people has been a constant challenge for the government. Data from 
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‘Yearbook of Statistics Singapore – 2009’ suggest that households consume about 59% 
of total water supply. Over the years, Singapore has been advancing rapidly in the 
economic front. With increasing affluence, Singaporeans enjoy a good standard of living 
and now own many modern appliances, which demand ever greater use of water. Water 
conservation efforts initiated by Public Utility Board (PUB) in recent years have been 
successful in maintaining Singapore’s per capita consumption of water in households 
sector at 165 litres per day for the last 5 years (PUB, 2006) and has a target to reduce it 
further to 155 liters per day (World Bank, 2006). However, with the increasing 
population, the overall water demand has been increasing every year. 
To meet the growing water demand, Singapore’s water supply has been 
diversified into four National Taps, namely, water from local catchments, imported water 
from Johor, NEWater and desalinated water. Out of the four sources, water from Johor is 
capped and the NEWater and desalinated water are still expensive in spite of 
technological developments in the recent years. Singapore Green Plan 2012 has set 
targets to increase the contribution of non-traditional sources up to 25% (15% from 
NEWater, 5% from Desalinated water and 5% from treated industrial water). More 
importantly, it plans to increase the local catchment area from 50 to 67% (Singapore 
Green Plan, 2012). 
About half of the island has already been harnessed to develop the various water 
supply schemes in Singapore. Rainwater that fall within the catchment areas is collected 
through a network of drains and canals, and is stored in the reservoirs. Singapore now 
gets nearly half its drinking water from local catchment areas. To augment Singapore's 
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water supply, PUB plans to further collect stormwater from residential new town 
developments as well as capture surface runoffs from highly urbanized catchments like 
‘Central Business District’. For this the government has added yet another reservoir 
through the construction of ‘Marina Barrage’. After being fully operational, Marina 
reservoir will be the largest reservoir in Singapore with catchment size of 10,000 hectares 
(PUB ABC, 2009). With new projects to build more reservoirs, drains and canals, the 
local catchment will be further expanded to about two-thirds of the island. With these 
proposed developments, all the feasible land on the island would have been used as water 
catchment.  
The increase in local catchment area will help to reduce reliance of Singapore on 
foreign imports and other energy intensive solutions; however, this requires more 
communal awareness to keep the waterways pollution free. The Marina Barrage project 
represents a major shift in Singapore’s water management strategies. Once completely 
owned by PUB, the reservoirs were sealed and public were restricted to go near, the 
government now encourages everyone in the 3P (People, Public, and Private) sectors to 
take joint ownership of water resource management. To achieve this, the government has 
rolled out Active, Beautiful and Clean Waters program, in short ABC Waters program. 
The government believes that in order to engage people to care for their water resources, 
it should start by bringing the two (people and water) closer together (PUB ABC, 2009). 
The government has intensified public awareness program and at the same time opened 
up reservoirs for recreational use. 
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One of the ways to improve water quality in the reservoirs is to control pollution 
at sources. Government has undertaken major initiative to ensure our waterways to be 
litter free, and it has been quite successful. However, not all the pollutants generated in an 
urban area are in the form of litters. Due to the human activities in urban areas, some of 
the pollutants are bound to originate in particulate and gaseous forms and will eventually 
be washed by rain, making them enter waterways. For example, the use of vehicles in 
urban areas generates various pollutants, especially heavy metals and organics, both in 
particulate and gaseous forms; the greening of cities require nutrients to be added, some 
of which will be washed off; the industrial emissions contain various types of pollutants, 
which are washed off by rain.  
This study aims at characterizing urban runoff from different sectors of urban area 
and is therefore highly relevant to Singapore where all feasible land mass is considered as 
catchment for potable water. Quantifying pollutants in urban runoff and street dust from 
different sectors can help in decision making process on the type of source control 
measures needed at a particular sector. Additionally, a scientific study on locally 
available biosorbents to treat urban runoff can go a long way with multiple advantages (i) 
to use wastes as a resource, and (ii) to reduce the reliance on energy intensive water 




1.4. Relevance of This Study to Urban Storm Water Management 
Urban landscape all over the world can be broadly categorized into several sectors, 
namely, residential, commercial, industrial, etc. Anthropogenic activities in each of these 
sectors are different, and thus the type of pollutants it introduces to the urban runoff will 
be different too. In many cities, urban runoff is just disposed off through a network of 
drains and canals. In cities that use urban runoff, the conventional method is to collect all 
the urban runoff and treat it in a centralized treatment plant. Selecting a specific treatment 
technology has been one of the most difficult steps in the stormwater management plan 
due to the presence of a number of pollutants derived from a variety of sources (Richards 
et al., 1987; Leueberger et al., 1988; Siebers et al., 1994; Bucheli et al., 1998; Gromaire-
Mertz et al., 1999; Moilleron et al., 2002). The main reason for this difficulty is the lack 
of information on what kind of pollutant is being introduced from each of the sector. If 
we are able to characterize the runoff from each location and quantify the pollutant load 
depending on the quantity of runoff from each sector, it would be possible to predict the 
overall quality of urban runoff entering into the treatment plant. Then, it would be easier 
for the operators of the treatment plant to adjust their processes accordingly to meet the 
required water quality standards. Additionally, distributed treatment systems can be 
implemented by using locally available biosorbents. This ‘low-cost, low-energy’ system 
can improve the water quality along the waterways and can potentially reduce the burden 
on centralized treatment plants. 
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1.5. Organization of Dissertation 
The thesis is subdivided into the following chapters. 
o Chapter 2: Literature Review 
 This chapter provides a comprehensive review of the constituents of stormwater 
runoff targeted in this study. Details on suspended solids and major ions are 
presented followed by the partitioning, speciation and environmental fate of trace 
elements. Major sources of trace elements as reported in the literature are also 
presented. Details on biosorption technology and earlier studies on removal of 
trace elements using biosorbents are also summarized. This literature review 
provides the background information for this doctoral study. 
o Chapter 3: Materials and Methods 
 This chapter describes the characteristics of sampling sites where the field studies 
were conducted. Experimental protocols, physical and chemical analytical 
procedures, and quality assurance of individual parameters are explained. 
o Chapter 4: Basic Parameters and Major Ions in Stormwater Runoff from 
Different Sectors of Urban Area 
 In this chapter, basic parameters like pH, conductivity, suspended solids, organic 
carbon, and major ions, indicating the quality of stormwater runoff from different 
sectors of urban area are presented and discussed.  
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o Chapter 5: Trace Elements in Stormwater Runoff from Different Sectors of 
Urban Area 
 This chapter focuses on the concentration of trace elements in different land use 
sectors. Enrichment factors are used to investigate whether the trace elements 
under study have natural or anthropogenic origin. Models are generated using 
logical rules to distinguish the urban runoff spatially. 
o  Chapter 6: Trace Elements in Stormwater Runoff: Fractionation and fIrst 
Flush Studies 
 This chapter presents the results on sequential sampling for trace elements in 
urban runoff. The existence of first flush is investigated. Dissolved fraction, 
environmentally mobile fraction and total concentration of the trace elements are 
investigated. Statistical analysis is performed to study the correlation among the 
elements and to identify possible origin of the trace elements. 
o Chapter 7: Elemental Composition of Urban Street Dust and Their 
Dissolution Characteristics in Various Aqueous Media 
 Street dust has been recognized as a major source of trace elements in urban 
runoff. In this chapter, street dust collected from different sectors of an urban area 
is analyzed for total concentration of trace elements and compared with the 
similar studies in other cities. The morphological structure of the particles 
containing trace elements is studied using scanning electron microscope and the 
presence of the elements is confirmed by energy dispersive X-ray spectroscopy. 
 17
The leaching potential of the trace elements in three different aqueous media, 
namely DI water, acidified water, and river water from a local river is studied 
using street dust from the three sites 
o Chapter 8: Speciation and Multivariate Statistical Analysis of Trace 
Elements in Urban Street Dust 
 This chapter presents the details on fractionation of trace elements in street dusts, 
namely, water-soluble, acid-soluble, reducible and residual factions to assess their 
fate and transport in the environment. Statistical analysis to test the temporal and 
spatial variation of street dust is studied using analysis of variance and biplot of 
principal components. Source apportionment is done with the help of factor 
analysis. 
o Chapter 9: Removal of Heavy Metals from Stormwater Runoff by Low Cost 
Adsorbents: Batch and Column Studies 
 Details on selection of locally available biosorbents to treat urban runoff are 
presented in this chapter. Crab shell was found to be the best biosorbent, and its 





o Chapter 10: Biosorption of As(V) onto the Shells of the Crab (Portunus 
sanguinolentus): Equilibrium and Kinetic Studies  
 In this chapter, the potential of crab shell to sequester specific species of trace 
elements (As(V)) from aqueous solution is presented. Details on parameters 
optimization, isotherm, kinetics, modeling, and desorption studies are presented. 
o Chapter 11: Conclusions 
 This chapter summarizes the major finding of this doctoral study, and the 
conclusions drawn from this study are presented. 
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Chapter 2. Literature Review 
Urban runoff refers to excess water, not absorbed by soil after heavy rains. It 
flows over surfaces such as roads, parking lots, building roofs, driveways, lawns, and 
gardens. On its journey to larger bodies of water (streams, lakes, and rivers), municipal 
and industrial stormwater can carry a wide range of potentially harmful environmental 
contaminants, such as metals, oil and grease, pesticides, and fertilizers. These types of 
contaminants affect runoff water quality, damage recreational and commercial fisheries, 
and degrade the beauty of affected waterways, among other things. Precipitation 
chemistry plays an important role in the quality of stormwater as it scavenges soluble 
gases and particles from the atmosphere. 
2.1. Sources, Types and Pathways of Pollutants in Stormwater Runoff 
The quality of stormwater runoff changes as an area is transformed from its 
natural state to urban landscape. As an area is developed, the natural ability of the 
catchment to withstand natural hydrologic variability is removed. Infiltration capacity is 
decreased due to the increase in impervious surface and disturbed native soils and 
vegetation. Natural retention and detention capabilities of a catchment are removed 
through channelization of natural waterways and installation of formal drainage systems 
such as pipes and gutters. The changes to the hydrological cycle brought about by 
urbanization are not confined to volume and time aspects (Ellis, 1991). There are various 
inputs, outputs and pathways of water and pollutants from both natural and anthrogenic 
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sources that are encountered during surface runoff within an urban catchment. Figure 2.1 
shows the various inputs, outputs and pathways of urban runoff 
 
Figure 2.1. Urban runoff quality pathways (source Ellis, 1991) 
 
Some of the pollutants come from very distinct sources. For example, heavy 
metals, petroleum hydrocarbons (e.g. polycyclic aromatic hydrocarbons, PAHs) and 
polynuclear hydrocarbons are normally associated with road runoff or traffic-related 
activities and some heavy metals are associated with atmospheric deposition. Nutrients 
such as phosphorus and nitrogen are associated with sources such as leaf litters, bird 
droppings from roof runoff, artificial fertilizers, and also sewage discharge. 
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Chemicals used for domestic, industrial and agricultural purposes find their way 
into runoff. Examples include inorganic compounds such as ammonia, heavy metals, 
pesticides, and other synthetic organic compounds used in industry (Boyd, 2000). These 
substances may be in dissolved form and may be directly toxic to aquatic life or they may 
accumulate in the food chain (bioaccumulation and bioconcentration) and may be toxic to 
organisms in the food web (Boyd, 2000). Many trace constituents such as the transition 
metals (e.g. copper, lead, mercury and zinc); natural organic materials and synthetic 
organic compounds are toxic at concentration of 1 part per billion or less (Andrew and 
Webb, 1987). Organic matter and suspended solids may originate from urban surface 
erosion, street litter and runoff.  
2.2. Constituents in Stormwater Runoff  
2.2.1. Solids  
2.2.1.1. Characteristics of Solids  
Solids in stormwater runoff are classified using various methods, with most 
dependent on size. Total solids (TS) encompass all solids found in runoff, both suspended 
and dissolved. Total suspended solids (TSS) and total dissolved solids (TDS) are 
separated by what does and does not pass through a 0.45-µm filter (APHA, 1998). Total 
metals concentration consists of a sum of metal concentration in both the dissolved and 
particulate phases. 
A particle size distribution (PSD) analysis further categorizes solids into size 
ranges. The American Association of State Highway and Transportation Officials 
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(AASHTO) divide size classes for solids into gravel, sand, silt, and clay. Solids larger 
than 2,000 µm are referred to as gravel, between 2000 and 75 µm as sand, 75 and 2 µm as 
silt, and less than 2 µm as clay, with all particles less than 75 µm commonly referred to 
as fines (Das, 1998). Particles in stormwater runoff are referred to as colloidal if they are 
less than 1.0 µm in diameter and macrocolloidal if they are between 20 µm and 0.45 µm 
in diameter (Characklis and Wiesner, 1997). 
The sizes of particles in stormwater runoff can significantly affect various 
physical and chemical processes. Fine particles may agglomerate, causing PSD to vary 
along the longitudinal path of stormwater runoff (Minton, 2002). Larger particles settle 
faster than smaller particles. This settling mechanism affects the relative concentrations 
of different sizes of particles depending on runoff velocity and depth of flow. 
Surface area as a function of particle volume increases drastically with decreasing 
particle size. In other words, smaller particles have a larger surface area to volume ratio 
than that of larger particles. This physical characteristic is enhanced by the fact that 
actual particles are pitted and porous, increasing surface area over the estimate for surface 
area based on a completely spherical particle (Sansalone, 1998).  In addition, any organic 
matter bound to solids will contribute to the non-spherical nature of the particle and 
therefore increase total surface area (Dempsey et al., 1993). 
2.2.1.2. Solids in Stormwater Runoff  
Solids enter stormwater runoff through erosion of natural soils. Both the amount 
of total solids present and the size distribution of those solids depend on catchment land 
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use, the extent of construction activities, and the time since initial disturbance of the 
catchment (Minton, 2002). Solids also enter the runoff stream from vehicle emissions, 
vehicle tire, engine and brake wear, as well as through pavement wear and atmospheric 
deposition (Sansalone, 1998). 
The concentration and size distribution of solids depend on runoff rate, runoff 
duration, traffic intensity and location of sampling within the watershed (Sansalone, 
1998). TSS may demonstrate a ‘first flush’ through a system, where the largest 
concentrations of solids are transported during the initial stages of the storm hydrograph. 
This trend may not hold for concentrations of finer particles, which often stay consistent 
throughout the hydrograph. This phenomenon is a consequence of differing settling 
velocities for different sizes of particles. PSD tends to be consistent throughout events 
and between sites of similar characteristics, but TSS concentrations vary greatly. Particles 
are smaller in stormwater than in street or highway sediments (Minton, 2002), with 
median particle size (D50) for highway sediments nearing 100 µm and between 50 and 75 
µm for stormwater sediments (Sansalone, 1998).  Solids in stormwater runoff are mainly 
less than 250 µm, especially if best management practices (BMPs) such as street 
sweeping are in effect. PSD analyses indicate that most stormwater particles are quite 
small, especially those under low-flow conditions where larger particles are not in 
suspension. Pitt and Bissonette (1984) found that 64% of all suspended matter in 
stormwater was associated with particle sizes less than 62 µm, and only 10% of 
suspended particles were larger than 250 µm. 
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Coagulation of smaller particles also occurs, altering the PSD of stormwater 
runoff over the runoff path. According to Atteia et al. (2001), a significant fraction of all 
particles greater than 10 µm lumps together to form larger conglomerate particles. This 
agglomeration can affect settling capabilities and also PSD of solids in stormwater runoff. 
2.2.2. Basic Parameters 
pH is a measure of the hydrogen ion concentration present in aqueous medium. It 
can be expressed as the logarithm of the reciprocal of the hydrogen ion concentration or 




 HpH  (2.1)  
 ][log10
 HpH   (2.2) 
pH is a logarithmic function and is measured on a scale from 0 to 14. Since pH is 
a logarithmic scale a difference of one pH unit is equivalent to a ten-fold difference in 
hydrogen ion concentration. Pure water has pH around 7. However, water that has been 
exposed to air is mildly acidic. This is because water absorbs carbon dioxide from the air, 
which is then slowly converted into carbonic acid, which dissociates to liberate hydrogen 
ions. pH greater than 7 is basic and less than 7 is acidic.  
The pH of aqueous sample is extremely important because it controls many 
reactions, including coagulation, corrosion, and biochemical reactions. A decrease in pH 
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leads to more metals existing in bioavailable free ionic form thus increasing the dissolved 
fraction means an increase in the reactivity (toxicity) and mobility of those trace metals. 
Conductivity is the measure to conduct or transmit heat, electricity, or sound. Its 
units are Siemens per meter [S/m]. For aqueous samples, electrical conductivity is used. 
Conductivity as such is not a contaminant. It (specific conductance) is a measure of the 
ability of an aqueous solution to carry an electric current. This ability depends on the 
presence of ions in the solution; on their total concentration, mobility and valence. In 
addition conductivity depends on the temperature of the solution. Thus, it is a rough 
indication of the major ions in the solution expressed as ionic strength with units 1/ohm-
m or mho per meter. 
2.2.3. Major Ions 
As the name suggests, the major ions are the major constituents in an aqueous 
solution. It contains positively charged ions (H+, Na+, K+, Ca2+, Mg2+, NH4+ etc) and 
negatively charged ions like Cl-, NO2-, NO3-, SO42-, PO43-, etc. The sources of these major 
ions are many and include marine, terrestrial and pollution. For example, Cl- can 
originate from sea salt, industrial HCl, and roadsalt. SO42- comes from sea salt, marine 
gases (DMS, Dimethylsulfide), H2S from biological decay, volcanoes, soil dust, burning 
of fossil fuels, and forest burning. Similarly, NO2- and NO3- come from N2 plus lightning, 
biological decay, combustion of fossil fuels, forest burning, nitrogen fertilizers, while 
PO43- can originate from soil dust, biogenic aerosols absorbed on sea salt, burning 
vegetation, fertilizer. NH4+ comes from biological activity, bacterial decay, fertilizers, 
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human, animal waste decomposition etc., while Ca2+ and Mg2+  come from weathering of 
soils and rocks. 
One of the major concerns in aqueous solution is the nitrogen compounds. 
Nitrogen can exist in four different forms in aqueous environments: as organic 
(particulate and dissolved), ammonia nitrogen, nitrite and nitrate nitrogen, and dissolved 
nitrogen gas, N2. All forms can be quite mobile. Organic nitrogen is not directly available 
for plant uptake, but can be slowly transformed to available forms by means of microbial 
decomposition. Ammonia nitrogen includes two forms, the ammonium ion (NH4+) and 
ammonia (NH3). Ammonia is highly soluble and combines with hydrogen ions to form 
ammonium ions (NH4+). Ammonium ion can be held by clay particles or organic matter 
on cation exchange sites. Ammonia exists in equilibrium with the ammonium ion and, at 
high pH, may escape into the atmosphere. Ammonia is a bacterial decomposition product 
in both aerobic an anaerobic decomposition of nitrogenous organic matter. At pH 7, 
practically all the ammonia is present as NH4+ (Camp, 1974). Ammonium ion is 
converted to the nitrite and nitrate forms by nitrifying bacteria. First ammonium ion is 
converted to nitrite by Nitrosomonas .sp and then Nitrobacter .sp, converts nitrite to 
nitrate adding oxygen to the ammonium ion in each step (Novotny, 2003). 
Nitrite (NO2-) and nitrate (NO3-) are both mobile anions. When present in excess 
in drinking water, nitrate possesses a health hazard to humans, especially infants (Tai, 
1991). Nitrates, the naturally stable form under aerobic conditions, are all soluble and are 
not sorbed by the soils. Therefore, they are very mobile and easily leached and tend to 
find their way into the groundwater where they stay indefinitely unless consumed by 
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biological growth processes (Morton, 1976). Nitrate generally occurs in trace quantities 
in surface water and in high concentration in ground waters. Nitrite is an intermediate 
product formed when ammonia is oxidized to nitrate and when nitrate is reduced. 
In natural systems, phosphorus occurs as orthophosphate (PO43-) existing in 
organic or inorganic forms. The most common natural source of inorganic 
orthophosphates is the class of minerals known as apatites (insoluble calcium 
phosphates). Phosphorus, unlike nitrogen, is not particularly mobile in soils and is held 
tightly as a complex anion by clay and organic matter. The cations Ca2+, Al3+, or Fe3+ 
react with phosphate to form solid phases. Phosphorus is strongly adsorbed on hydrous 
metal oxides resulting in low soluble phosphorus concentrations and in the accumulation 
of phosphorus in sediments. Phosphorus may be released when sediments become 
anoxic.  
In the environment, phosphorus originates from natural weathering of phosphate 
mineral apatite, phosphate detergents, sewage treatment plants, and the application of 
fertilizers used in agriculture fields and lawns (Morton, 1976; Novoty, 2003). Yearly 
applications for high maintenance landscapes exceed 450 kg/ha for nitrogen and 
100kg/ha for phosphorus (Hipp et al., 1993). Urban runoff contains about 5 times more 
phosphorus as compared to the rural runoff (Morton, 1976). It is because, unlike the large 
land-holding farmer who s not likely to add a great excess of chemical fertilizer due to 
the cost, the urban homeowners may use a large excess because the cost is small for his 
moderately sized lawn.  
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It is important to emphasize that the nutrients themselves are not of water quality 
concern; they are only of concern to the extent that they contribute to excessive growth of 
algae in lakes and reservoirs. Eutrophication causes water quality impairment through 
diminished aesthetic character, taste and odor problems for water supplies, oxygen 
depletion in the hypolimnia and subsequent changes in water quality due to the release of 
precipitated or adsorbed contaminants (Lee and Jones-Lee, 1993).  
Application of urea contributes ammonium and nitrate nitrogen in surface runoff 
(Sharpley et al., 2005). Precipitation is also considered as a source for ammonium and 
nitrate nitrogen. Organic particles, particularly animal feces, may also contribute 
significant amounts of nutrients.  In the runoff from one urban watershed, two thirds of 
the phosphorus and one fourth of the nitrogen were discharged in particulate form. 
Atmospheric deposition (dry and wet) can contribute orthophosphate, ammonium and 
nitrate nitrogen (Chen et al., 2007; Anderson and Downing, 2006). 
2.2.4. Metals/Metalloid 
Metals play an important role in human society due to their special properties 
such as malleability, ductility, resistance to corrosion and high electric and thermal 
conductivity, etc. Thus, the use of metals is on the rise in urban areas, and with it is the 
rise in levels of metal pollution. Metals in urban runoff come from various sources. 
Atmospheric deposition contributes cadmium, copper, and lead to urban runoff (Garnaud 
et al., 1999; Revitt et al., 1990; Davis et al., 2001). Vehicle emissions and tire and engine 
wear contribute sizable concentrations of all metals, particularly zinc from tire wear and 
copper from brake pad use. Various studies have found significant correlations between 
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traffic volumes and metal concentrations (Wang, 1981). Metals also enter stormwater 
runoff from siding and roofing materials. 
The study of metals in the environment had been carried out in various names. 
Some researchers use ‘trace metals’, while others prefer ‘heavy metals’. Church and 
Scudlark (1995) suggest “Certain elements are called trace metals, although some are 
already abundant in rocks (e.g., Al, Fe, Mn etc.) while others (Cd, Cr, Cu, Pb, Zn etc.) are 
rare in rocks until concentrated, used, and disposed off as a result of anthropogenic 
activities”. When trace metals and metalloids (e.g. arsenic) are referred, ‘trace elements’ 
is generally used (Florence, 1982; Tanizaki et al., 1992; Karthikeyan and 
Balasubramanian, 2006). 
Trace elements are a cause for concern due to their potential toxicity. Once they 
are present, they cannot be chemically transformed or destroyed, as other constituents 
such as organic matter may be (Davis et al., 2001). The International Agency for 
Research on Cancer (IARC) classifies As and its compounds, Cd and its compounds, 
Cr(VI) compounds, Ni compounds as Class I agents (carcinogenic to humans), Pb 
compounds as Class 2A agents (probably carcinogenic to humans), and Pb and Ni as 
Class 2B agents (possibly carcinogenic to humans). Some metals are necessary for vital 
metabolic processes, for example, Fe & Cu are required for the synthesis of hemoglobin; 
Mn & Fe are constituents of some enzymes; Zn is required for proper functioning of 
enzymes, growth of tissue and healing of wounds; Cr3+ is necessary for production and 
functioning of insulin. However, even the essential metals, if present in higher 
concentration, are toxic. 
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In aqueous environments, metals exist in two phases: dissolved phase and 
particulate phase. The dissolved phase of a metal is most detrimental to ecosystem health 
because of its potential bioavailability. Metals in particulate phase have high potential to 
become dissolved under the certain aquatic conditions. Therefore, the particulate-bound 
metals are considered as a major source of bioavailable metals for receiving water bodies 
(Morrison et al., 1984). An accurate estimate for the concentration of metal that is 
biologically available is difficult to achieve. However, the dissolved concentration of a 
trace metal is an appropriate estimate for portion of total metal that is biologically 
available (Charlesworth and Lees, 1999).  
2.2.4.1. Metals in Stormwater Runoff  
Stormwater runoff is one of the major sources of heavy metal pollution (Csuros et 
al., 2002). Total metal concentrations are generally higher in stormwater runoff from 
residential and commercial areas than in receiving streams and rivers where stormwater 
inputs are diluted. Concentrations in runoff from industrial catchments tend to be higher 
than those from residential and commercial catchments (Sanger et al., 1999). 
Metal concentrations in urban runoff vary throughout the duration of a storm 
hydrograph. Metals tend to be present in suspended form under high flow conditions and 
in dissolved form under lower discharges (Prych and Ebbert, 1986). Constituents 
occurring naturally in a drainage system will decrease in streams during storms via 
dilution, but anything present in the catchment due to anthropogenic input will likely 
increase in concentration during storms because of increase in wash-off under wet-
weather conditions (Characklis and Wiesner, 1997). 
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Metals in urban areas come from various sources. Atmospheric depositions 
contribute cadmium, copper, and lead to urban runoff (Revitt et al., 1990; Garnaud et al., 
1999; Davis et al., 2001). Metals also enter stormwater runoff from siding and roofing 
materials. Vehicle emissions, and tire and engine wear contribute sizable concentrations 
of all metals, particularly zinc from tire wear and copper from brake pad use. Various 
studies have found significant correlations between traffic volumes and metals 
concentrations (Wang, 1981). Pavement can also contribute metals to runoff, especially 
lead and zinc (Ellis and Revitt, 1982). Motor vehicles are a major source of metal 
contribution to the urban environment. Although only less than 5% of the traffic related 
deposits in runoff originates from vehicles, this percentage contains the most toxic 
contaminants. The sources of some of the heavy metals include: lead deposits from the 
historic use of leaded fuel, lead oxide and zinc from tire wear, and copper, chromium, 
and nickel from wear of the plating, bearings, brake linings and other moving parts of a 
vehicle. It is estimated that 40–75% of metals are derived from highway runoff sources. 
2.2.4.2. Factors Affecting Partitioning and Speciation of Metals in Stormwater 
Runoff  
Various factors influence the relative concentrations of particulate-bound and 
dissolved forms of metals in urban runoff. These factors include total metal concentration, 
type of metal, TSS, pH, dissolved oxygen concentration, ionic strength, alkalinity, 
hardness, bacterial activity, and amount of organic material (Morrison et al., 1984, 1990; 
Dempsey et al., 1993). If pH falls below approximately 7, the partitioning between the 
particulate-bound and dissolved forms shifts toward the dissolved as particulate-bound 
trace metals are released from particles as free ions (Dempsey et al., 1993). As pH 
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increases, more metal complexes form and fewer spare metal ions are in solution, 
decreasing the dissolved form of the metal. Below approximately 5 mg/L of dissolved 
oxygen, reducing conditions prevail and metal ion concentrations tend to increase (Stone 
and Marsalek, 1996; Welch, 1980). 
Speciation refers to the separation between the dissolved and particulate forms. 
Chemical speciation of metals in natural waters is controlled by precipitation and 
dissolution reactions, attachment to ligands through the formation of complexes, and 
sorption to particles (Minton, 2002). The particulate form is further sub-divided into ion-
exchangeable, acid-soluble, reducible, oxidizable, and residual phases. The dissolved 
form of metals is split into bioavailable and stable (Flores-Rodriguez et al., 1994). 
Morrison and others (1984) classified dissolved metals into ‘available’, ‘moderately 
bound’, and ‘strongly bound’ based on their status within solution. In their study, strongly 
bound dissolved metals were mainly associated with colloids (particles from 0.2-10 µm 
having relatively large surface areas). 
Trace metals have characteristic distributions between the particulate-bound and 
dissolved phases. Among cadmium, copper, lead, and zinc, Morrison et al., (1983) found 
that between 5 and 50% of total metals were in the dissolved phase, with cadmium the 
most soluble and lead being most highly associated with particles. Other researchers have 
also found that lead is most often stable and particulate-bound (Gromaire-Mertz et al., 
1999; Chebbo and Bachoc, 1992), whereas zinc and cadmium are most often found in 
dissolved ionic forms (Flores-Rodriguez et al., 1994; Morrison et al., 1990, 1994). Lead 
is most often associated with the total suspended solids (TSS) fraction. Copper is most 
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often bound to dissolved organic matter (50% of total) rather than TSS (Morrison et al., 
1990). Revitt et al., (1990) found that 82%, 88%, and 47% of total zinc, copper, and lead, 
respectively, were found in dissolved form. These differences between metals have 
impacts on their interactions with other constituents within stormwater runoff. 
The partitioning of metals is a dynamic process. Depending on conditions, metals 
will dissociate from particles and become dissolved and bioavailable, and dissolved 
metals will sorb onto particles and no longer be dissolved (Charlesworth and Lees, 1999). 
The dissolved phase is considered the most biologically available and the particulate 
phase has a high potential to become dissolved under the right conditions. Therefore, the 
particulate-bound metals can be the major source of bioavailable metals if released on 
contact with receiving waters (Morrison et al., 1984). 
2.2.4.3. Toxicity of Metals in Stormwater Runoff  
Trace metals in stormwater runoff are of great concern because metals cannot be 
chemically transformed or destroyed in the same way as organic matter, and many of 
them are toxic to organisms above a threshold limit. Many factors influence the toxicity 
of the trace metals in stormwater, which includes hardness, pH, interval between storm 
events, and TSS. 
The two primary factors affecting toxicity of metals in stormwater runoff are pH 
and hardness (Hall and Anderson, 1998). A decrease in pH leads to more metals existing 
in bioavailable free ionic form, thus increasing the dissolved fraction, leading to an 
increase in the reactivity (toxicity) and mobility of those trace metals. An increase in pH 
causes formation of insoluble hydroxides and oxides, which are then less bioavailable 
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than the free ions themselves. This trend is especially true for zinc and lead (Dempsey et 
al., 1993). 
Hardness is a measure of the concentration of ions in solution, with hardness 
usually measured as calcium carbonate (CaCO3) equivalents in mg/L. An increase in 
hardness decreases the toxicity of metals, because calcium and magnesium cations 
compete with the metal ions for complexing sites, allowing fewer metal complexes to 
form and therefore resulting in a lower level of toxicity (Minton, 2002). In addition, the 
length of an antecedent dry period before a storm event and the build-up of total metals 
directly affect the toxicity of stormwater runoff (Hall and Anderson, 1998). Highway 
runoff is much more toxic than stormwater from urban areas, though toxicity of urban 
stormwater is still substantial (Marsalek et al., 1999). TSS affects toxicity, although not 
as much as other factors. 
Because particulate-bound metals can often become dissolved and therefore 
bioavailable depending on conditions, both dissolved and particulate-bound phases of 
metals are potential contributors to toxicity. This release of particulate metals could occur 
as a result of current or future pH swings (Sansalone et al., 1995).  In addition, insoluble 
pollutants do not usually exhibit a first-flush effect during wet-weather events and 
therefore their contribution to toxicity persists throughout the duration of these events 
(Hall and Anderson, 1988). 
Heavy metals known to perform functions essential to life include iron, 
manganese, cobalt, copper, selenium, zinc, chromium, etc. For example: 
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 Iron and copper are required for synthesis of hemoglobin.  
 Manganese and iron are constituents of some coenzymes.  
 Zinc is an important part of many enzymes necessary for normal tissue 
growth and healing of wound and the sense of taste and appetite.  
 Chromium is necessary for the proper utilization of sugars and other 
carbohydrates by optimizing the production and effects of insulin.  
However, excessive exposure or intakes of heavy metals may cause many health 
problems. In addition other heavy metals and metalloids have adverse health effects even 
at trace levels (Fergusson, 1990; Csuros et al., 2002). For example: 
 Arsenic: Arsenic is toxic to human beings, especially the trivalent 
compounds (As3+). In low doses, arsenic is used as a medication to enhance 
growth. At low intake levels, arsenic can accumulate in the body over time. 
 Cadmium: Cadmium compounds are quite toxic. Intake of cadmium can 
cause high blood pressure, heart disease, and even death. Acute 
overexposure to cadmium fumes may cause pulmonary damage, while 
chronic exposure is associated with renal tube damage and an increased risk 
of prostate cancer. 
 Chromium: Trivalent chromium (Cr3+) may be essential in human nutrition, 
but hexa-valent chromium (Cr+6) is highly toxic. Intake of hexa-valent 
chromium can cause hemorrhaging in the liver, kidneys, and respiratory 
organs. When people are exposed to hexa-valent chromium, dermatitis and 
ulceration and perforation of the nasal septum have been developed. Also, 
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gastric cancers, presumably from excessive inhalation of dust containing 
chromium, have been reported. 
 Copper: Although essential for life due to its major role in enzyme functions, 
copper in large amounts is quite toxic. For example, copper salts are used to 
kill bacteria, fungi, and algae, and paints containing copper are used on ship 
hulls to prevent fouling by marine organisms. Acute exposure overdose 
causes an immediate metallic taste, followed by epigastric burning, nausea, 
vomiting, and diarrhea. 
 Lead: Lead is toxic to the nervous system of human beings, especially 
children. It is readily absorbed from the intestinal tract and deposited in the 
central nervous system. High lead levels in blood (more than 10 μg/dL) may 
contribute to learning disabilities, nervous system damage, and stunted 
growth. 
 Nickel: Nickel and its compounds have little toxicity. Nickel itch or contact 
dermatitis is the most commonly seen reaction to nickel compounds 
especially in women due to use of nickel in costume jewelry, especially 
earrings. Chronic exposure to nickel causes cancer in the respiratory tract 
and the lungs. 
 Zinc: Excessive zinc intake may inhibit copper absorption and lead to 
copper deficiency. Acidic beverages packaged in galvanized containers may 
produce toxic zinc concentration levels, causing nausea, vomiting, stomach 
cramps, and diarrhea. 
 
 37
2.3. Treatment of Stormwater Using Low Cost Biosorbents 
The removal of toxic heavy metals from storm water is of great importance from 
the environmental viewpoint since it can lead to contamination of receiving waters 
(Walker et al., 1999). A number of methods exist for the removal of heavy metal 
pollutants from aqueous solutions when they are present in high concentration, which 
include precipitation, electrochemical treatment, ion exchange, and membrane processes. 
However, identifying practical and cost effective means of removing such contaminants 
at low concentrations is much more difficult. Processes that are suitable at high 
concentrations are often either ineffective, or cost prohibitive when applied to dilute 
wastes with heavy metal concentrations of less than 100 mg/l (Volesky, 1990). This 
shortcoming has led to a growing interest in the use of biosorption as a highly efficient 
and cost effective technology for the removal of trace amounts of toxic heavy metals 
from the urban storm water runoff.  
2.3.1. Biosorption Technology 
Biosorption is a process which utilizes inexpensive dead biomass to sequester 
toxic heavy metals from aqueous solution. Biosorbents are prepared from the naturally 
abundant and/or waste biomass of algae (Kuyucak and Volesky, 1989), moss, fungi 
(Tsezos and Volesky, 1981), bacteria (Brierley, 1990) or crab shells (Vijayaraghavan et 
al., 2005) which is inactivated and usually pretreated by washing with acids and/or bases 
before final drying and granulation (Volesky, 1990).  
Volesky and Holan, (1995) compiled a list of different types of biomass and 
metals that have been tested for biosorption. Research on biosorption has revealed that it 
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is a complex phenomenon involving chelation, complexation and ion exchange. 
Muzzarelli et at., (1980) reported chelation as the main mechanism for cupric ions 
binding to chitosan. Darnall et al., (1986), Kuyucak and Volesky, (l989a) and Sharma and 
Forster, (1994) attributed the biosorption of heavy metals to chemical sorption. Crist et 
al., (1993) and Volesky (1995) confirmed that ion exchange played an important role in 
biosorption of heavy metals on to brown algal biomass. 
The biosorbent particles can be packed in sorption columns which are one of the 
most effective devices for the continuous removal of heavy metals (Volesky, 1987). 
Biosorption columns operate on cycles which consist of loading, regeneration, and 
rinsing (Leffers, et al., 1991). Metal containing aqueous solution (urban runoff in this 
case) is passed through the packed-bed and the heavy metals are taken up from the liquid 
by the biosorbent. When the metal sorption capacity of the biosorbent is exhausted the 
column is taken out of operation. Its bed can then be regenerated with solutions of acids 
and/or hydroxides. The regeneration produces small volumes of heavy metal concentrates 
suitable for metal recovery processes (AIdor, et aI., 1995; Brierley, et aI., 1986). 
2.3.2. Waste-to-Resource 
Tsezos (2001) pointed out that biosorption technology not only depends on the 
metal-sorbing potential but also on the continuous supply of the biomass for the process. 
For this, biomaterials that are abundantly found in nature such as seaweed qualify best. In 
addition, biomaterials that are the by-product of industrial processes are also available all 
year round and found in abundance, and can be considered as a stable source.  Among the 
various biosorbents, crab shell is one of the sorbents that has high affinity towards metals 
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(Vijayaraghavan et al., 2004). Furthermore, since crab shells are a by-product of seafood 
industry, generated all year round, and are usually a waste with disposal problem, the use 
of crab shell as a biosorbent is desirable as it serves double purposes.  
2.3.3. Previous Studies on Various Biomaterials 
2.3.3.1. Sargassum 
Sargassum is a brown seaweed that grows in the tropical, subtropical and 
temperate zones of both hemispheres and is estimated to be found between 400 to 2000 
kg/km2 (Luning, 1990, p.220-225). Sargassum plants have stem-like axis with short 
branches and foliar appendages superficially resembling the leaves of higher plants. In 
addition, numerous berry-like air bladders can usually be found attached to the main axis 
as well as to the branches. The main function of the air bladders is to help to keep the 
plant body afloat. It grows either floating on the ocean surface or attached to the ocean 
floor in the tidal and sub-tidal zone (Lee, 1989b). In Singapore, large quantities of 
Sargassum biomass have been observed in many coastal environments like Labrador park, 
Sentosa and East coast park. This biomass serves as the basis of biosorption process. 
Seolatto et al., 2009 studied the reusability of the Sargassum in batch reactor and 
in fixed-bed column for Zn(II)-laden biomass regeneration. They performed 10 
consecutive sorption-regeneration cycles at a flow rate of 8 mL/min in fixed bed column 
with the feed concentration of 50 mg/L, and using two eluent solutions: H2SO4 (0.1 M) 
and MgSO4 (3.5% at pH 3). They found that the adsorption capacity decreased the 
passing of cycles, but the total amount of zinc removed after 10 cycles was 
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approximately 8 times greater than if the biomass had been used for only one time, for 
both agents tested. 
Vijayaraghavan et al., 2009 studied the ability of Sargassum sp. to biosorb four 
metal ions, namely lead, copper, zinc, and manganese from a synthetic multi-solute 
system and real storm water runoff. They suggested that that Sargassum performed well 
in the biosorption of all four metal ions, with preference towards Pb, followed by Cu, Zn, 
and Mn. The optimum pH was found to be 6, and the optimum dosage was 3 g/L. The 
biosorption kinetics was found to be fast with equilibrium being attained within 50 min. 
According to the Langmuir isotherm model, Sargassum exhibited maximum uptake of 
214, 67.5. 24.2 and 20.2 mg/g for lead, copper, zinc, and manganese, respectively in 
single-solute systems. The application of Sargassum to remove four heavy metal ions in 
real storm water runoff revealed that the biomass was capable of removing the heavy 
metal ions. However, the biosorption performance was slightly lower compared to that of 
synthetic metal solutions, which they attributed to the presence of other contaminants 
such as anions, organics and other trace metals in the runoff. 
Southichak et al., 2008 pretreated Sargassum with CaCl2 and tested the 
biosorption of Pb(II). They used the Langmuir adsorption isotherm to find the maximum 
capacity of Q(max). The uptake was complete in 30 min.  
Sargassum biomass, though they have high biosorption capacity, are not suitable 
as a column packing material as the cells tend to clump together and excessive 
hydrostatic pressure is required in order to generate suitable flow rates. In order to solve 
this problem, Sheng et al., 2008 studied the applicability of poly-vinyl alcohol (PVA) 
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cryogel as an immobilization matrix for algal biomass for the uptake of copper. They 
found that the biomass embedded PVA cryogel beads were robust and showed stability 
under a wide range of pH (1-13). However, immobilized beads exhibited lower copper 
uptake capacity than the freely suspended Sargassum. The metal sorption rates were 
found to be enhanced at higher biomass loading within the beads or with hydration of the 
beads before use. 
2.3.3.2. Sawdust and Bagasse 
Dakiky et al., 2002 investigated sawdust to remove chromium from industrial 
wastewater. They found 53.5% removal for Cr(VI) at pH 2, and 96.8% removal for Cr(III) 
at pH 5. Taty-Costodes et al., 2003 studied the biosorption of Cd(II) and Pb(II) from 
aqueous solution using sawdust from Pinus Sylvestris. They found that the biomass was 
able to sequester 96% for Cd(II) and 98% for Pb(II) at pH 5.5, and found ‘porous 
diffusion with ion-exchange’ to be the mechanism for biosorption. 
Shukla and Pai, (2005) studied adsorption of Cu(II), Ni(II) and Zn(II) on sawdust. 
They found that better results were achieved with the biosorbent that was modified by 
application of specific dye, C.I. Reactive Orange 13. The maximum uptake using dye 
loaded sawdust was 8.07 mg/g for cu(II), 9.87 mg/g for Ni(II), and 17.09 mg/g for Zn(II), 
that are much better than 4.94 mg/g for Cu(II), 8.05 mg/g for Ni(II), and 10.96 mg/g for 
Zn(II) obtained without the dye. They observed that the adsorption of the metal ions were 
of Langmuir type. They conducted absorption-desorption cycles and found that the 
biosorbent could be reused at least three times. 
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Synthetic and real effluents containing Pb(II) ions were used by Taty-Costodes et 
al., (2005) to test the adsorptive capacity of sawdust in a fixed bed column. They used 
batch experiments to determine the kinetic parameters that were used to scale-up the 
process on a mini-column with 0.6 L/h output. Bed depth service time model on the mini-
column were then used to design a pilot plant adsorption unit with output ranging from 
25 L/h to 1000 L/h. They found that the increase in flow rate decreases the volume 
treated until the breakthrough point and therefore decreases the service time of the bed. 
They also found that the performance of the pilot plant matched the results obtained from 
mini-column. They concluded that the system could decontaminate 1200 L of effluent 
containing 1 mg/L of Pb(II) with only 1 kg of sawdust. The adsorption capacity of 
approximately 1.25 to 2 g of Pb(II) per kg of sawdust with 99% removal efficiency.  
One of the problems associated with the use of sawdust is the leaching of colored 
matters. This can be controlled by pretreatment with (i) formaldehyde in acidic medium, 
(ii) sodium hydroxide solution after formaldehyde  treatment, or (iii) sodium hydroxide 
only, (Sciban et al., 2006). Depending on the wood species, the reduction in colored 
matter is between 70 and 94%. Treatment with formaldehyde did not change the 
adsorption capacity, whereas, the adsorption capacity of sawdust increased after sodium 
hydroxide treatment. 
Bozic et al., (2009) studied adsorption of heavy metal ions (Cu(II), Cd(II), Ni(II), 
Zn(II), Mn(II), and Fe(II)) from synthetic solutions using sawdust of beech, linden and 
poplar trees. They found that the adsorption process to be dependent upon process time, 
pH, type of heavy metal ion, initial concentration and amount of sawdust used. The 
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adsorption kinetics is fast (equilibrium reached between 10 and 20 min) and can be 
considered as pseudo-second order reaction. The adsorption capacity of the sawdust was 
in the following order Cu(II) > Zn(II) > Ni(II) > Cd(II) > Mn(II) > Fe(II). 
Gurel and Gil, (2009) used pretreated sugarcane bagasse to sequester Cu(II), 
Cd(II) and Pb(II). The maximum adsorption capacity was found to be 69.4, 106.4, and 
222.2 mg/g for Cu, Cd and Pb respectively with optimum pH between 5.6 and 6.2.  
Gupta and Sharma, (2003) found out that bagasse fly ash could remove Zn(II) 
100% at low concentration whereas it is 60- 65% at higher concentrations at the optimal 
pH of 4.0, using 10 g/L of adsorbent in 6-8 h of equilibrium time. The uptake decreases 
with a rise in temperature indicating the process to be exothermic in nature.  
In a different study, Joseph et al., 2009 studied biosorption of Zn(II) and Cd(II) 
after anaerobic digestion of bagasse. They found that the biosorption potential increased 
by 2 times for Zn(II) and 2.3 times for Cd(II) after anaerobic incubation of bagasse at 
35oC for two months, a process used to generate methane gas from the bagasse. 
2.3.3.3. Peat 
Ho et al., 2001 studied the biosorption of Cu, Ni and Pb onto to peat in single 
component systems. In all the cases three parameter Sips – or Langmuir-Freundlich – 
isotherm equation provided the best fit to the equilibrium data. In another study, Ma and 
Tobin, (2004) investigated the biosorption of Cr, Cu, and Cd on peat and found that the 
order of maximum uptake was Cr > Cu > Cd. Both H+ ion competition and pH-dependent 
speciation affected uptake levels. For Cr and Cu optimum pH was 4, while for Cd 
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greatest uptake occurred at pH 7. They found that an extended Langmuir model, which is 
based on the direct competition of metal ions and protons for biosorbent sites, exhibited 
best fit. 
Batch and column experiments were conducted by Gabaldon et al., 2006 to 
investigate cadmium biosorption using locally available mineralized peat. Pseudo-
second-order kinetics and Freundlich equilibrium could explain the adsorption process. 
The results of column experiments suggested that the Cd(II) removal was in the range of 
41.4 mg/g  to 54.1 mg/g. Desorption study suggested that at least 95% of Cd(II) could be 
removed from the system using 0.1 M HCl. 
Kicsi et al., 2007 studied biosorption of Zn(II) by Romanian spragnum peat moss. 
They found that the optimum pH for the biosorption was 5.5 and the time needed to reach 
equilibrium was a maximum of 2 hours.  
Balasubramanian et al., 2009 evaluated the potential of Indonesian peat to 
sequester Pb, Cd, and Zn in single-, double-, and triple-solute systems. Langmuir two-site 
model explained the adsorption isotherms of Pb, Cd, and Zn onto peat in single-solute 
and multi-solute systems. It was found that the presence of the secondary metal ions in 
the system resulted in a decrease in the sorption capacity of the primary metal, mainly 
because of the competitive effects of metals for adsorption sites. The metal adsorption 




Chitin-containing biomaterials have been recognized as effective biosorbents for 
metals (Muzzarelli et al., 1981, Guibal et al., 1999). Chitin and chitosan are long linear 
polymeric molecules of β (1→4)-linked glycans. The repeating unit in chitin is 2-
acetamido-2-deoxy-D-glucose-(N-acetylglucosamine), while chitosan comprises a non-
homogenous mixture with the deacetylated form (glucosamine) (Onsoyen and Skaugrud, 
1990). The ability of chitin to form complexes with metal ions, particularly transition and 
post-transition metal ions, is well documented (Muzzarelli et al., 1999). Chitin is second 
only to cellulose in terms of abundance in nature. Chitin can be obtained from fungi, 
insect, lobster, shrimp and krill, but the most important commercial sources are the 
exoskeletons of crabs obtained as waste from seafood processing. 
Even though chitosan is highly sorptive in its natural state, its adsorption capacity 
can be further improved by the substitution of various functional groups, such as organic 
acids, onto the chitosan backbone. Some functional groups grafted on chitosan to 
improve its capacity are amino acid esters (Ishii et al., 1995), pyridyl (Baba and 
Hirakawa, 1992) and polyethylenimine (Kawamura et al., 1993).  
Several investigators observed chitosan, deacetylated chitin, as a better metal 
sorbent than chitin. Yang and Zall, (1984) reported chitosan chelates five to six times 
greater amounts of metals than chitin due to free amino groups exposed during 
deacetylation. Chitosan is an effective ion-exchanger, with a large number of amino 
groups. It has been shown to effectively remove metals such as, cadmium (Jha et al., 
1988), zinc (McKay et al., 1989), chromium (Coughlin et al., 1990) and molybdenum 
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(Guibal et al., 1999). Chitosan was compared to bark, activated sludge and other 
materials by Masri et al., (1974). Their results showed chitosan to possess exceptional 
binding capacity for most metals. 
2.3.3.5. Crab Shell 
Crab shell mainly consists of calcium carbonate, chitin, along with some proteins. 
It is estimated that 5000-8000 tons of industrial crab shell material is disposed off by the 
seafood industry annually, with some recent estimates reaching millions of tons per year 
(Niu and Volesky, 2001). Lee et al., (1997) used raw crab shell material to remove lead 
from wastewater. The major mechanism of lead removal, surface compositions, 
functional groups and solid structures were also studied. The authors confirmed that –
NHCOCH3 and CO32- were involved in the binding of lead. Also, removal of lead 
occurred mainly through the dissolution of CaCO3 followed by precipitation of Pb3 
(CO3)2(OH)2 and PbCO3 near the surface of the crab shell. 
Evans et al., (2002) used chemically treated crushed crab shells to transform the 
chitin into chitosan to study the kinetics of cadmium uptake. Adsorption equilibrium 
followed a Freundlich relationship and was found to be independent of particle size 
indicating that adsorption takes place largely in the pore space. The authors also observed 
high initial rate of cadmium uptake followed by a slower uptake rate suggesting 
intraparticle diffusion as the rate-controlling step. The kinetic uptake data were 
successfully modeled using a pore diffusion model incorporating nonlinear adsorption. 
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Lee et al., (1998) investigated the characteristics of lead removal by raw crab 
shell particles. Maximum uptake of lead was 870 mg Pb/g crab shell at initial pH 3.0. The 
authors also inferred that co-ions such as Cd(II), Cu(II), Fe(II), and Zn(II) did not 
decrease lead removal efficiency significantly. Because of calcium carbonate, one of the 
major components of crab shell particles, the removal efficiency of lead was excellent, 
even at low pH regions of less than 3.0. 
An et al., (2001) used crab shell for the removal of heavy metals from aqueous 
solutions. The ability of crab shell to remove heavy metals from aqueous solutions was 
evaluated by comparing it with several sorbents (cation exchange resin, zeolite, granular 
activated carbon, and powdered activated carbon). The authors conducted their 
experiments using several metal ion solutions (Pb, Cd, Cu and Cr). The orders of heavy 
metal removal capacity and initial heavy metal removal rate were found as crab shell > 
cation exchange resin > zeolite > powdered activated carbon > granular activated carbon. 
The study also indicates that the removal of the heavy metals is selective, with Pb and Cr 
being removed in preference to Cd and Cu.  
Kim (2003) compared the influence of other metal ions on the biosorption of 
primary metal ions in binary and ternary metal systems by crab shell. Three ions (Pb(II), 
Cd(II), and Cr(III)) were used in single, binary and ternary systems. In single heavy metal 
ion systems, the removals of Cr(III) and Pb(II) were much higher than that of Cd(II). In 
binary systems, Cd(II) did not affect Pb(II) removal while Cr(III) had a severe inhibition 
effect on the removal of Pb(II). Cd(II) removal was slightly affected by the presence of 
Pb(II), but severely affected by the presence of Cr(III).  
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Niu and Volesky, (2003) successfully employed acid-washed Ucides shells to 
sorb gold-cyanide, selenate, chromate and vandate at low pH. Kim (2004) investigated 
the process of Pb(II) removal by crab shell and the effects of pretreatment of crab shell 
with acid and alkali on Pb2+ removal by crab shell. The acid washed crab shell exhibited 
low Pb(II) removal compared to raw crab shell due to the absence of calcium carbonate. 
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Chapter 3. Materials and Methods                                                                       
This chapter presents the methods used to conduct the work described in other 
chapters of the thesis especially site selection, sampling of urban runoff and street dust 
and chemical analysis of the environmental samples. 
3.1. Site Selection for Urban Runoff 
 Sampling sites for investigating urban stormwater characteristics in terms of their 
both temporal and spatial variations were selected based on the following criteria: (1) 
homogeneity of the sub-catchments, (2) accessibility of sampling sites for routine 
sampling, and (3) spatial coverage for representative runoff from different types of land 
covers and land uses. Security of equipment and personal safety of the researcher at the 
site were also considered in the selection of sampling sites. 
 Sampling locations include the combination of end of the pipe, open drains, and 
closed conduits. For the study to investigate the spatial variation of urban runoff  
characteristics based on grab sampling, sampling sites were selected in close proximity to 
each other in order to negate the affect of atmospheric variability among the sites. One of 
the tallest buildings on the NUS campus was selected for roof runoff collection, two 
residential sites and a commercial site were selected for collecting surface runoff within 
the distance of 500 meters from each other. For the study to investigate the temporal 
variation of urban runoff characteristics, samples were collected in residential and 
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industrial areas. Table 3.1 summarizes the characteristics of each site and Figures 3.1 and 
3.2 show the location of the sampling sites. 
3.1.1. Roof 
 The sampling location for roof runoff was the outfall of a concrete roof from a 
commercial building within the National University of Singapore campus. The roof of 
this building has limited access, thus very little human interference was expected on the 
roof.  The runoff from the roof was expected to represent a combination of rain water and 
wash-off of the dry deposited materials onto the roof.  The runoff flowed down from the 
building via a PVC pipe. The site is represented as station 1 (St 1) in Figure 3.1. 
3.1.2. Residential Area  
 Station 2 (St 2) in Figure 3.1 represents the residential site. The samples were 
taken from an open drain near block C inside Kent Vale (the NUS faculty housing unit) 
along Clementi road. The land use in this location basically includes the residential 
buildings, playground for children, some greenery between buildings, and the roofed 
pedestrian walkway between the buildings. Thus, the runoff in this location was mainly a 
combination of roof runoff, surface runoff over playground/greeneries by the side of the 
building, and runoff from roof of pedestrian walkway. Grab samples from this site were 
taken from an open drain.  The characteristics of Station 3 (St 3) were similar to those of 
station 2, as both belong to the residential sector, but a few blocks away from each other. 
Two sampling sites in the residential area (station 2 and 3) were selected to verify 
whether the samples were representative of the area selected.  As in the case of station 2, 
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the samples from station 3 were again taken from an open drain, which basically included 
runoff from roof of residential buildings, runoff from greenery maintained between the 
buildings, and roof of pedestrian walkway.  However, the catchment area of station 3 was 
smaller than that of station 2.  
 Station 5 (St 5) was located near the outfall of the residential area (Figure 3.1). 
The runoff samples at this location were collected using a sequential sampler (ISCO 
Model 6712). The probe of the sampler was inserted into a manhole of the drain and was 
held at the bottom of the drain by attaching it to a stainless steel rod bound together by 
nylon rope.  Stormwater samples were collected in predefined intervals, between 10 and 
15 minutes from the beginning to the end of storm events. The velocity of water flow in 
the drain was also measured by the sampler using the flow velocity module that was 
connected to the sampler. 
3.1.3. Commercial Area 
 The sampling location for collecting runoff from the commercial area was station 
4 (St 4) which was located between a commercial building and a bus stop. The runoff 
however was mainly influenced by commercial activities in the vicinity of the site. 
Though this sampling site was adjacent to the road, the runoff from the road (nearby bus 
stop) was mixed with runoff from the commercial area sufficiently downstream, thus 
causing negligible influence at the sampling site. The activities taking place in this 
location were: (i) regular commercial activity i.e. the building accommodates various 
offices and computer center for students, (ii) movement and activities of lots of students, 
(iii) some free area with greeneries and trees, and most importantly, and (iv) renovation 
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of the commercial building i.e. renovation of the roof and constructing additional 
structures on its sides. 
3.1.4. Industrial Area  
 Station 6 (Figure 3.2) was located in the western part of Singapore, where various 
types of industries are housed. Runoff samples were collected at the outfall of a drain in 
an area with numerous industries, mainly food and beverage industries. An automated 
strormwater sampler was installed at the site, and remote activation was used to collect 
the runoff samples. 
Table 3.1. Summary of site and catchment characteristics 
Parameter Drain type Main land use Vegetation cover Road / traffic 
Site 1 PVC pipe Roof without access N/A N/A 
Site 2 Concrete drain Residential 
Lawn / 
playground N/A 
Site 3 Concrete drain Residential 
Lawn / 
playground N/A 
Site 4 Concrete drain Commercial Small garden 
Road by the side but 
the stormwater from 
road does not reach 
sampling site 
Site 5 Concrete drain Residential 
Roadside 
vegetation 
Road by the side, 
runoff from road mixes 
with runoff from 
residential site. 
Site 6 Concrete drain Industrial 
Roadside 
vegetation 
Feeder road by the side 
of drain 












Figure 3.2. The location of the industrial site (Station 6). Source of map: SDWA/PUB 
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3.2. Site Selection for Street Dust Sampling 
Three sites were selected for street dust sampling. As the samples were collected 
on dry days only, the difference in rainfall pattern had relatively minor infuence. Thus, 
efforts were made to collect samples from very distant sites i.e. industrial areas were 
selected in the northern part; residential area in the central part and commercial area was 
selected in the southern part of Singapore.  
3.2.1. Residential Area  
 The street dust samples for the residential area were collected from a residential 
estate in Bukit Batok (Figure 3.3). The estate is made up of single-family residential and 
vehicles usually seen within the estate are motorcars and motorcycles. Up-grading 
construction works took place periodically during sampling period. Samples were 
collected using a conventional broom and pan. 
3.2.2. Commercial Area 
 The commercial area selected was within the National University of Singapore 
(NUS). The educational institution is situated away from industrial estates and has a total 
student population of approximately 29,000 (National University of Singapore, 2007). 
Vehicles that were found in this estate comprised mainly of buses, passenger cars and 
motorcycles. Street dust samples were collected using an electric vehicle designed for 







Figure 3.3. Sampling locations in Singapore: Residential Area (a), Commercial Area (b), 
Industrial Area (c). Source of map: SDWA/PUB 
3.2.3. Industrial Area  
 The sampling site for the industrial area was within an industrial estate in 
Marsiling (Figure 3.3). This estate houses light industries such as food and beverages, 
plastic products manufacturing, transport agents etc. In addition some metal intensive 
industries such as metal fabrication, metal finishing, and scrap metal collection industry 
are also present inside the industrial estate. The vehicular traffic in the estate had a mix of 
container trucks, large trucks, buses and heavy-duty vehicles (lorries). Street dust was 
collected using a conventional broom and pan. 
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3.3. Sampling Instruments 
 A variety of sampling instruments were used for the field measurements and are 
tabulated below in Table 3.2 
Table 3.2. Summary of field instruments used in this study 
Instrumentation Purpose 
Automated Wet-Dry Sampler To collect wet-only sampler (rainwater 
without interference from dust fall) 
Pre-cleaned plastic bottles To collect grab samples. Plastic bottles 
were used to collect samples for inorganic 
analysis 
Automated stormwater sampler To collect sequential stormwater samples 
from residential, commercial and combined 
drain 
Conventional broom and pan To collect street dust from residential, 
commercial and industrial locations 
Weather station  To record meteorological parameters, 
especially rainfall, during sampling period 
 
3.3.1. Automated Wet-Dry Sampler 
Rainwater samples were collected using an automated wet-dry sampler, equipped 
with a sensor to open the lid at the onset of rain event, and thus preventing rainwater 
samples from the influence of dust fallout (Model US-330, Ogasawara Keiki Seisakusho, 
Tokyo, Japan). The instrument has an internal refrigerator that is set at 4oC and the 
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samples were preserved immediately after collection. The samples were brought back to 
the laboratory within 24 hours and processed. 
3.3.2. Pre-Cleaned Plastic Bottles 
Plastic containers made of PTFE were used for collection of grab samples for 
inorganic analysis. The bottles were soaked in 2% HNO3 for 24 h and then rinsed with 
tap water and DI water several times before oven drying at 90oC. Then the containers 
were stored in sealable plastic bags until sampling. 
3.3.3. Automated Stormwater Sampler 
 Sequential stormwater samples were collected using an automated stormwater 
sampler (ISCO Model 6712) with remote activation system, capable of starting sampling 
program after receiving short message system (SMS) command from a registered mobile 
phone. The sampler can collect samples at predetermined time interval. The sampler 
housed 24 one liter bottles, and thus the maximum number of samples that can be 
collected at a time was 24. 
3.3.4. Conventional Broom and Pan 
 Plastic broom and pan were used to collect street dust samples. The sampling 
procedure is similar to those used in previous studies reported in literature (Wang et al., 
1998; Al-Khashman, 2007a; Tanner et al., 2008; Lu et al., 2009). The efficiency of this 
sample collection has been reported to be equivalent to that of vacuum cleaning (Tanner 
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et al., 2008). Pre-cleaned PTFE containers were used to collect and store street dust 
samples. 
3.3.5. Weather Station in National University of Singapore 
 The rainfall data were obtained from an automated NUS weather station located 
in the same building where rainwater samples were collected. This meteorological station 
has been actively used to collect real-time meteorological data (rainfall, temperature, 
wind speed, incoming solar radiation). A tipping bucket rain gauge (CS700 Hydrological 
Services, Sydney, Australia) was used to record rainfall quantity. CS 500 T sensor 
(Vaisala, Helsinki, Finland), cup anemometer 03001 (R.M.Young, Michigan, USA), and 
LI-200X pyranometer (LI-COR, Nebraska, USA) were used to measure temperature, 
wind speed and incoming solar radiation respectively. 
3.4. Sample Preparation and Analysis 
 Grab samples were collected in pre-cleaned PTFE bottles (250 mL). pH was 
measured immediately after the samples were brought back to the laboratory. Then the 
samples were filtered through 0.45m nylon membrane filter (Whatman, Cat. No. 7404-
004). The conductivity of the filtered samples was then measured. All the samples 
(rainwater and stormwater) were handled and prepared for chemical analysis in a laminar 
flow hood equipped with a High-Efficiency Particulate Air (HEPA) filter to prevent 
physical and chemical contamination. Then the filtered samples were divided into two 
fractions. A fraction of the filtrate was stored in a refrigerator at 4oC until analysis by Ion 
Chromatography (IC) for major ions (cations and anions).  Another fraction of the filtered 
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samples was acidified to 2% with analytical grade reagent HNO3 to be analyzed for trace 
metals by Inductively Coupled Plasma – Mass Spectrometry (ICP-MS). Acid blanks (2% 
HNO3 in Ultra-pure water) were used for every set of samples to account for 
contamination, if any, through acid addition of HNO3.  
 For the preparation of reagents and standards, ultrapurewater (18.2MΩ) from 
Maxima Ultra Pure Water system (Elgalabwater, UK) was used. Analytical grade 
reagents - HNO3 (Fluoka, France), H2O2 (Merck), and HF (Merck) were used for the 
digestion experiments. ICP-MS multi-element standards from Merck were used for 
instrument calibration. The standards used for recovery and quality control studies were 
from NIST (the National Institute of Standards and Technology, Gaithersburg, MD, 
USA): SRM 1648 (urban particulate matter) and SRM 1649a (urban dust). Metallic salts 
used for biosorption experiments were purchased from Sigma-Aldrich and were of 
reagent grade. 
A variety of laboratory instruments were used for sample preparation analysis of 
stormwater and street dust samples as explained below. 
3.4.1. Microwave Assisted Digestion 
A closed vessel microwave digestion system (MLS-1200 mega, Mileston s.r.l, 
Italy) was used for the extraction of trace elements from suspended solids in urban runoff 
and street dust samples. Suspended solids in urban runoff were collected on the filter 
paper and one half of the filter paper was used while, in case of street dust samples, 500 
mg was used. Total digestion of the samples was achieved using a combination of 
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reagents (HNO3 (4 mL); H2O2 (2 mL);, and HF (0.2 mL)). The program used for the 
digestion was 10 min at 250W, 10 min at 400 W and 4 min at 600W. The extract was 
then allowed to cool, carefully transferred to 50 mL falcon tube, and topped up to 50 mL 
using DI water followed by ICP-MS analysis. 
The effectiveness of the digestion procedure was evaluated using standard 
reference materials (NIST SRM 1648, urban particulate matter, and NIST SRM 1649a, 
urban dust). The SRM samples in triplicates were digested in the same way as the 
samples, and analyzed using ICP-MS. The recoveries of total elements from SRMs were 
satisfactory and ranged between 83% (Cr) and 110% (Ni). 
3.4.2. Ion Chromatography 
 Major ions were analyzed using Ion Chromatography (Dionex Corporation), 
equipped with AS40 automated sampler. IonPac®CS12-R column in conjunction with 
IonPac®CS12-G guard column and CSRS–ULTRA (4mm) suppressor was used to 
measure cations (Li+, Na+, NH4+, K+, Mg2+, and Ca2+). Similarly, IonPac®AS11-HC 
column in conjunction with IonPac®AS11-HC guard column and ASRS–ULTRA (4 mm) 
suppressor was used to analyze major anions (F-, Cl-, NO2-, SO42-, NO3- and PO43-).  
A five point calibration (0.5, 1, 2, 5, 10, and 20 mg/L) was performed for 
individual ions (cations and anions) with working calibration standards prepared from a 
standard stock solution of 1000 ppm. The regression coefficients for the anions were 
better than 0.998 and those for cations were better than 0.96.  The reproducibility of the 
analytical data was tested by analyzing the 1 ppm standard 10 times. Overall, the 
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reproducibility expressed as relative standard deviation (RSD) was found to be 
satisfactory (0.29% and 1.37%). 
3.4.3. Inductively Coupled Plasma – Mass Spectrometry 
Perkin Elmer Elan 6100 Inductively Coupled Plasma – Mass Spectrometry (ICP-
MS, Perkin Elmer Inc. USA) was used for the analysis of trace elements in the samples. 
The ICP-MS was equipped with a cross flow nebulizer, a quartz torch, Pt sampler and 
skimmer cones. The instrument was operated as recommended by the manufacturer and 
was optimized daily. The nebulizer gas flow rate was adjusted to keep the CeO/Ce and 
BaO/Ba ratios less than 2 %. A Gilson Miniplus 2 peristaltic pump was used to remove 
the waste from the nebulizer.  
 ICPMS was used to determine the concentrations of 13 trace elements in rain, 
roof runoff, residential, and commercial locations. The 13 elements are aluminum (Al), 
arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), 
manganese (Mn), nickel (Ni), lead (Pb), Titanium (Ti), vanadium (V), and zinc (Zn). A 
seven point calibration (1, 5, 10, 20, 40, 60, and 100 g/l) was performed for 13 trace 
elements, and the regression coefficients for all 13 elements were better than 0.999. 
Overall, the reproducibility (10 repetitions of 40 ppb standard) expressed as RSD was 
found to be satisfactory (from 1.68% – 4.52% with a mean value of 2.79%). The final 
concentrations of the elements in the urban runoff samples were computed after the acid 
blank correction. The limits of detection (LODs) for all target analytes have been 
calculated based on three times the standard deviation of the blank. The LODs ranged 
from 0.06 to 3.53 g/l. Further, the authenticity of the instrumental analysis has been 
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validated by analyzing reference material (reference rain water) developed in our 
laboratory (Karthikeyan et al., 2006). The recovery was in the range of 85 % (Cd) – 
122 % (Co). The summary of LOD, RSD and recovery percentage for all the trace metals 
is presented in Table 3.3. 
Table 3.3. Summary of LOD, RSD and Recovery percentage for trace elements 
Element Mean (Acid Blank) g/l LOD (3σ) RSD 
Recovery 
(%) 
Al 0.26 0.88 2.39 93.07 
Co 0.04 0.16 2.52 121.90 
Cr 0.05 0.70 1.68 NR 
Cu 0.09 0.42 2.37 118.13 
Fe 8.76 3.53 4.52 110.50 
Mn 0.02 0.06 2.38 110.23 
Pb 0.89 2.42 1.69 92.12 
Zn 0.43 0.61 3.05 110.90 
Cd 0.03 0.06 3.07 92.70 
Ni 0.07 0.13 1.82 85.09 
Ti 1.47 0.36 4.05 NR 
V 0.45 0.42 3.31 97.33 
As 0.70 1.05 3.39 108.93 
Note: 
NR Not Reported 
 
3.4.4. Inductively Coupled Plasma – Atomic Emission Spectrometry 
Inductively coupled plasma - Atomic Emission Spectrometry (ICP-AES) (Perkin-
Elmer ICP Optima 3000DV) was used to measure elemental concentrations for 
biosorption experiments using low cost adsorbents. The instrument was calibrated using 
the multi element standard solution (OC517986, and OC285604) and a separate Arsenic 




3.4.5. Rotary Shaker 
Rotary shaker (DK-OSO10 Orbital Shaker, Daiki Science Co. Ltd) was used for 
adsorption experiments. 200 mg of adsorbents was added to 100 ml metal containing 
aqueous solutions in 250 mL Erlenmeyer flasks, and the flasks were kept on the rotary 
shaker at 160 rpm and 23 ± 2°C. After 3 h, the reaction mixture was filtered through a 
0.45 µm PTFE membrane filter. Each filtrate was acidified and analyzed for aqueous 
metal content by ICP-AES. 
3.4.6. Scanning Electron Microscope 
Scanning electron microscopy (SEM) equipped with energy dispersive X-ray 
(EDX) (JEOL, JSM-5600 LV) was used to study the morphology of the particles in the 
street dust from the three sectors. It was also used to determine the major mechanisms 
responsible for biosorption. The samples (street dust and biosorbent) were coated with a 
thin layer of platinum and analyzed by SEM, followed by EDX analysis. SEM was used 
to capture images at various magnification levels and EDX was used to quantify the 
amounts of various elements on the sorbent. 
3.5. Laboratory Experiments 
3.5.1. Determination of Trace Elements in Urban Runoff 
 Stormwater samples were filtered through a 0.45 µm filter paper. The filtrate was 
acidified and analyzed for trace elements for the determination of water soluble fraction. 
The filter paper containing particulates were used to quantify environmental mobile 
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fraction and total concentration of trace elements. One half of the filter paper was cut into 
pieces and kept in a 15 ml polypropylene tube. 10 mL of ammonium acetate was added to 
extract environmental mobile fraction (Ure et al., 1993), and the mixture was ultra-
sonicated for 30 minutes, filtered and acidified before analysis for trace elements. For the 
determination of total concentration of trace elements in particulate fraction, the other 
half of the filter paper was cut into pieces and digested in the microwave digester, 
following the protocol mentioned in section 3.4.1 
3.5.2. Sequential Extraction of Trace Elements from Street Dust 
 A four-step extraction procedure was applied for fractionation of trace elements in 
street dusts. The target fractions were (a) water soluble, (b) acid soluble, (c) reducible, 
and (d) residual. To determine water soluble fraction, 500 mg of street dust was mixed 
with 10 ml of deionized water in 15 ml polypropylene tube. The tubes were then 
subjected to 30 min of ultra-sonication and 40 min of centrifugation at 4000 rpm, after 
which the supernatant was separated and filtered through a 0.45 µm PTFE membrane 
filter. The filtrate was then acidified and analyzed for trace elements. For acid soluble and 
carbonate bound fractions, 10 ml of 0.11 M CH3COOH was added to the remaining solid 
residue and was subjected to 30 min of ultra-sonication, 30 min of centrifugation, and the 
supernatant was separated, filtered and acidified.  For reducible fraction, 10 ml of 0.1 M 
NH2OH.HCl was added to the remaining solid residue which was later subjected to 30 
min each of ultra-sonication and centrifugation, followed by separation and filtration of 
supernatant. These fractions were handled in the same way as that of the water-soluble 
fraction. For Residual fraction, the residue was transferred into microwave vessel and 
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digested microwave digester, following the protocol mentioned in section 3.4.1. All four 
fractions were stored in a refrigerator at 4°C until ICP-MS analysis. 
3.5.3. Biosorption Experiments 
In order to find the suitable biosorbent to treat urban runoff, batch experiments 
were carried out using five biosorbents (Sargassum sp., crab shell, peat, sawdust, and 
bagasse), and compared with two commercial sorbents (Amberlite (Amberlite XAD7, 
Sigma), and chitosan (from crab shells, Practical grade, Aldrich)). Sargassum sp. was 
collected from beaches of Labrador Park in Singpaore. One batch of waste crab shells of 
crab (Portunus sanguinolentus) was collected from local market in Singapore, while 
another batch of the same species was collected from the Marina beach in Chennai, India. 
Peat was collected from Sungai Sembilan peat deposit, in Sumatra, Indonesia. Sawdust 
and bagasse were collected locally in Singapore. The selected biosorbent was further 
tested for its desorption capabilities and potential for continuous operation. 
3.5.3.1. Batch Experiments 
Batch experiments were conducted for screening of sorbent to investigate their 
potential to sorb trace elements. 200 mg of sorbent was added to 100 mL of stormwater 
in a 250 mL Erlenmeyer flasks and the reaction mixture was agitated for 60 min in a 
rotary shaker at 160 rpm and 22 ± 10C. After the experiment, the reaction mixture was 
filtered through a 0.45 μm PTFE membrane filter, and the filtrate was acidified and 
analyzed for aqueous metal content by ICP-AES.  
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3.5.3.2. Continuous Flow Experiments 
Lab scale column was used for continuous flow experiments. The column was 
made of glass and had internal diameter (I.D.) of 2.4 cm and height of 35 cm. The 
column was filled with sorbent bed height of 25 cm. Peristaltic pump was used to feed 
the stormwater at a flow rate of 10 mL/min. Effluent samples were collected at the exit of 
the column. The samples were filtered through a 0.45 μm PTFE membrane filter, and the 
filtrate was acidified and analyzed for aqueous content of trace element by ICP-AES. 
3.5.3.3. Desorption 
The sorbents used for study to investigate adsorption of trace element in 
stormwater were filtered and dried for desorption experiments. For this study, the metal 
loaded sorbent were then brought into contact with 100 mL various types of elluents, and 
the mixture was agitated for 60 min on a rotary shaker at 160 rpm. After the experiment, 
the reaction mixture was filtered through a 0.45 μm PTFE membrane filter, and the 
filtrate was acidified and analyzed for aqueous metal content by ICP-AES. 
3.6. Data analysis and Modeling 
 The large dataset obtained during this research was summarized in various 
sections using descriptive statistics. Significance of variation in temporal and spatial 
domain was tested using analysis of variance (ANOVA). Principal component analysis 
(PCA) was performed to study the spatial and temporal distribution and bi-plot of the 
principal components were used to visualize the distribution. Logical rules were 
formulated using Classification and Regression Trees (CART) in order to distinguish the 
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four sites based on metal composition data. ANOVA, PCA, Biplot and CART were setup 
using MATLAB (Release 2007a). Factor analysis (FA) was used to assess the common 
sources of metals. FA was implemented using statistical package SPSS 13.0 for 
WINDOWS (SPSS Inc. Chicago, IL, USA). 
 Various models were used to explain the results of biosorption experiments. 
Experimental isotherms related to the biosorption were tested using the Langmuir, 
Freundlich, Redlich-Peterson and Toth models. The isotherm model constants, along with 
the correlation coefficient (r2), % error, and RMSE are computed and discussed. Kinetics 
of biosorption process is described using pseudo-first and –second order models. 
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Chapter 4. Characterization of Basic Water Quality Parameters and 
Major Ions in Stormwater Runoff 
4.1. Introduction 
Precipitation, especially rainfall, is a major component of the water cycle in tropical areas, 
and is responsible for providing most of the fresh water on the planet. Rainfall is the driving 
force of the hydrological cycle and exhibits large spatial and temporal variations. These 
variations in rainfall duration and intensity have a direct effect on the quality of runoff generated. 
Identifying and understanding the space–time structure of rainfall is therefore crucial to water 
management strategies.  
In Singapore, tropical storms play an important role in the quality and quantity of 
physical, chemical and biological pollutants in surface waters. The characteristics of storm 
events, which include magnitude, intensity, duration, and antecedent dry days, play important 
roles in the transport of pollutants from one medium to another. For example, short and intense 
storm events result in erosion, increasing total suspended solids (TSS) and other pollutants such 
as  nutrients and trace elements present in the soil (Chatterjea, 1998), while long duration rainfall 
results in a higher concentration of other pollutants such as  chloride, nitrate and sulfate due to 
greater washout of atmospheric pollutants. Rainfall also plays an important role in scavenging 
soluble gases such as HNO3 and HCl and airborne particles from the atmosphere 
(Balasubramanian et al., 2001). 
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 Rainfall in Singapore is spread with two monsoon seasons, (i) Northeast Monsoon –
December to early March and (ii) Southwest Monsoon season – June to September. Inter-
monsoon periods between monsoon seasons receive relatively less rain and wind. Heavy 
downpours occur in December and January.  The average annual rainfall for the past 10 years is 
2,435 mm (Year book of statistics, 2009).   
 Rainwater is acidic in urban areas as it absorbs soluble gases and airborne particles from 
the atmosphere. The pH of rainwater is further reduced by anthropogenic pollutants, for example, 
sulfur and nitrogen oxides that are photo-chemically processed in the atmosphere, leading to the 
formation of HNO3 and H2SO4 which are scavenged from the gas or particulate-phase by rain 
droplets. The pH of stormwater is much different than that of rain water. It is affected by the 
surface over which water flows. The conductivity of an aqueous sample gives an idea about the 
concentration levels of different ions in the solution.  Total organic carbon (TOC) can be used as 
an indicator of water pollution, caused by organic compounds (EPA, 2002).  The TOC content is 
proportional to the concentration of organic matter, which has an affinity for trace metals and 
organic contaminants. Excess carbon in water may be attributed to either excessive plant debris, 
or anthropogenic loading. 
4.2. Experimental 
4.2.1. Sampling  
Samples of rainwater and runoff were collected simultaneously from three urban sites 
(roof runoff, residential, and commercial areas) for half a year from February to July 2005. 
Rainwater samples were collected at the National University of Singapore (NUS) atmospheric 
 70 
research station, which is located on the roof of one of the tallest buildings in the Faculty of 
Engineering. These three sites representing different land use patterns located in close proximity 
to each other were selected in order to negate the effects of atmospheric variability on the quality 
of rainfall/stormwater over the sites. Figure 3.1 shows the locations of the sampling sites. The 
details of the sampling sites are presented in Section 3.1.  Briefly, roof runoff (Station 1) was 
collected from the outlet of a pipe, i.e. after the passage of rainwater through the roof and the 
gutter. Residential runoff (Station 2) was collected in a residential area, with housing blocks, 
gardening and basic amenities such as car parks and walkway shades (metal/plastic roofing for 
walkways from one block to another). Commercial runoff (Station 4) was collected from a drain 
near a commercial building where a host of commercial activities took place (student clusters, 
teaching labs, meeting halls with vending machines, computer service center, and a cafeteria 
nearby). Some building construction/renovation activities were also carried out in the 
commercial area during the period of sampling.  
As most of the rain events were of short duration and the physical distance between the 
sampling sites was relatively far, it was not possible to collect an equal number of grab samples 
from the three sites. Storm events used in this study were the ones in which samples could be 
obtained from all the three sampling sites. A total of 20 storm events were studied using manual 
sampling. Rainwater samples were collected using an automated wet-only sampler (with no 
interference from dust or airborne particles), and sequential stormwater samples were collected 
using a sequential stormwater sampler. The details of rainwater and sequential stormwater 
samplers are presented in section 3.3.1 and 3.3.3, respectively. 
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Sequential samples were collected using an automated stormwater sampler for several 
major storm events between January 2006 and December 2007 in the residential, and industrial 
areas. As the site was far for manual startup during the onset of rain, the SMS command was 
used to trigger the start sample collection for residential and industrial sites, and the sampler was 
programmed to collect samples every 15 minutes. The number of samples collected each time 
ranged from 1 to 24. However, as the majority of the storm events were fairly short in Singapore, 
only few samples could be collected for most of the storm events in residential and industrial 
sites where the drains went dry soon after the storm event. The total number of samples collected 
using sequential sampler amounted to 460. 
4.2.2. Sample Preparation and Analysis  
 Water samples were collected in pre-cleaned containers and were brought back to the 
laboratory for chemical analysis soon after collection. The pH was measured as soon as the 
samples were brought to the laboratory and the samples were then filtered through a pre-weighed 
0.45μm membrane filter (Whatman, Cat. No. 7404-004). The filter papers were then dried and 
kept in a dessicator for 24 hours. The final weight of the filter was noted to compute the amount 
of total suspended solids in the samples. The filtrate was divided into three aliquots. The first 
aliquot was used to measure the conductivity using Horiba conductivity meter ES-12. The 
second aliquot of the filtrate was stored in refrigerator at 4oC for the analysis of major ions 
(cations and anions). The last aliquot was acidified and stored in a refrigerator at 4oC for the 
analysis of trace elements (Section 5). 
 An Ion Chromatograph (Dionex Corporation), equipped with AS40 automated sampler, 
was used for the determination of cations and anions in the filtered water samples. Shimadzu 
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TOC-5000(A) was used for the analysis for total carbon (TC) and total inorganic carbon (TIC) of 
the filtered samples, thus measuring dissolved organic carbon (DOC). The concentration of DOC 
was deduced indirectly by subtracting TIC from TC. 
4.3. Results and Discussion 
4.3.1. Rainfall Characteristics 
 The duration of individual storm events characterized during this study ranged from few 
minutes to several hours. The storm events were generally localized and did not cover a wide 
area. For this reason, grab water samples were collected at locations that were in close proximity 
to each other.  Generally, rainwater samples were collected from entire rain events. In the case of 
sequential sampling of stormwater, the number of samples collected depended on the duration of 
storm events. Daily rainfall varied from 0.2 mm to 80.6 mm, and the rainfall duration ranged 
from 10 to 360 min. Generally, heavier storm events lasted for longer duration.  The antecedent 
dry days ranged from 1 to 12 in the year 2005, 1 to 18 in the year 2006, and 1 to 28 in the year 
2007, the details of which are presented in Figure 4.1. The monthly rainfall from January 2005 to 
December 2007 is presented in Figure 4.2. 
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Figure 4.1. Histogram of antecedent dry days in southwestern Singapore for (a) 2005, (b) 2006, 







Figure 4.2. Monthly average rainfall from Jan 2005 to December 2007 (Source: weather station, 
National University of Singapore) 
4.3.2. pH  
Figure 4.3 presents the box plot of pH of rainwater, roof runoff, and runoff from 
residential and commercial areas. It can be seen that the rainwater has a lower pH, with a median 
pH of 4.2, and ranged from 3.99 to 5.21. The pH of rainwater in the contamination-free 
atmosphere is expected to be between 5.0 and 5.6, due to the dissolution of naturally occurring 
CO2, NOx and SO2 in the cloud and rain droplets (Rodhe et al., 1998).  In an earlier study in 
Singapore, rainwater samples collected at the same site had the mean pH of 4.5 
(Balasubramanian et al., 2001). The lowering of pH has been attributed to the anthropogenic 
activities taking place upwind of the sampling site; Jurong island, a man-made island located to 
the southwest part of the main island of Singapore, is home to leading petrochemical companies. 
Singapore’s air quality is also affected by transboundary air pollution problems such smoke haze, 
caused by forest and peat fires, originating from neighbouring countries.  The median pH of roof 
runoff was 4.78, that of stormwater in the commercial area was 6.51, and that from the 
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Figure 4.3. Box plot of pH of rain water, roof runoff and runoff from commercial and residential 
areas 
3.3.3. Conductivity 
A rough indicator of the ion concentrations in water samples is the conductivity. The 
conductivity of rainwater and stormwater from the three sectors is presented in Figure 4.4. The 
mean conductivity of rainwater was 28.6 µS/cm and it ranged from 11.0 to 62.9 µS/cm.  In the 
case of stormwater runoff from the three sectors, the difference in the conductivity between 
sectors was not significant as the mean conductivity values from the three sectors were fairly 
close to each other (70.2, 77.2, and 62.1 µS/cm for roof runoff, residential and commercial 
runoff, respectively).  
For the grab samples, it was observed that the conductivity of the water samples collected 
in the months of April and May was distinctly higher than that of the other months, which could 
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probably be because of the less rainfall during the non-monsoon period. With reduced rainfall, 
there would be greater accumulation of pollutants in the atmosphere and on open surfaces, which 
could in turn lead to an enrichment in the concentration of ions in rainwater following the 
scavenging of water-soluble gases and airborne particles. The increase in the conductivity 
roughly correlated with a simultaneous increase in the concentration of chloride, nitrate and 























Figure 4.4. Box plot of conductivity of rainwater and runoff samples from roof, residential and 
commercial areas  
4.3.4. Organic Carbon 
 Filtered stormwater samples from roof runoff, residential, and commercial locations were 
analyzed for dissolved organic carbon (DOC). The DOC was deduced by subtracting inorganic 
carbon (IC) from total carbon (TC) of the filtered samples as explained before. The results 
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indicated that the organic carbon concentrations were in the range of 2 to 10 mg/L for most of 
the samples for the three urban sites, while it was between 0.8 and 7.5 mg/L for rainwater. 
Roof runoff was found to have organic carbon as the major fraction of the total carbon 
content. The main reason for this distribution could be that the runoff from rooftops contained 
accumulated atmospheric pollutants, both of wet and dry deposition origins, which were rich in 
organic carbon contents. Thus, there was a greater percentage of organic carbon content in roof 
runoff samples.  The DOC content in the residential runoff ranged from 1.98 to 7.49 mg/L except 
for one sample which had organic carbon content of 18.3 mg/L. The DOC content of runoff 
















Figure 4.5. Total organic carbon content in rain water (Rain), roof runoff (Roof), and 
runoff from residential (Res) and commercial (Com) areas. 
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Statistical analysis using single factor analysis of variance (ANOVA) for the three 
parameters (pH, conductivity and organic carbon) was carried out considering all the data from 
grab samples of rain water, roof runoff and runoff from residential and commercial areas. The 
results are presented in Table 4.1, and suggest that there was very significant difference between 
the data groups for pH, significant difference for organic carbon and none for conductivity. The 
pH is the measure of hydrogen ion concentration, and it is found to be significantly different in 
the different sectors of urban runoff. Conductivity, on the other hand is affected by the 
concentration of major and minor ions including hydrogen ion concentration. As the temporal 
variations of the major and minor ions are large in all the different sites, the difference in 
variance in dataset of rainwater, roof runoff and runoff from residential and commercial areas 
was not significant. The variation in the content of organic carbon was significant with the 
confidence level of 87%. 
Table 4.1. Single Factor ANOVA results for pH, conductivity and organic carbon for rain 
water and stormwater runoff from roof, residential and commercial areas. 
Parameters 
Mean of Square Error 
F P-value F crit 
Between Groups Among Groups 
pH 23.00 0.35 65.43 1.87E-18 2.77 
Conductivity 1742.2 4926.9 0.35 0.79 2.76 
Organic 





4.3.5 Suspended Solids in Stormwater 
As the urban environment is continually modified in accordance to the societies’ needs, 
there is a concomitant change in land cover and the activities on land. Au (1993) and Jim (1998) 
described the damage on urban soils inflicted through urbanization e.g. landslides occurring in 
Hong Kong under heavy storm conditions due to heavily engineered and poorly stabilized slopes. 
Singapore and Malaysia also face similar slope failure problems (Balamurugan, 1991; Gupta, 
2002; Rezaur et al., 2003). As Singapore has land scarcity, constant upgrading and 
redevelopment is still ongoing around the island as part of urbanization and industrialization. 
This process of re-development has presumably adverse effects on water quality, and the most 
visible sign for the water quality problem is the presence of suspended solids. 
 It has been reported that high density residential land use generates the highest level of 
pollutants (Lee and Bang, 2000). In a study of nine watersheds in Taejon, Korea, Lee and Bang, 
(2000) reported that the total suspended solid concentration ranged from 13 to 2,796 mg/L. In 
another study in Australia, Lee (2002) reported higher mean TSS concentration of 1,252 mg/L in 
Hobart (commercial area), as compared to 59.2 mg/L in Hobart Rivulet (suburban area). 
Similarly in the humid tropical climate of Nigeria, Jeje et al., (1991) reported that settlement land 
use (urban area) had higher TSS concentration (682 – 1,540 mg/L) than the forest and farm land 
use.  
 In the case of Singapore, the concentration of suspended solids in various sectors of 
urban areas investigated in this study ranged between 10 and 196 mg/L. The mean concentration 
during each storm event ranged between 30 to 73 mg/L, which is lower than the values reported 
in the literature (Legret, 1999; Lee and Bang, 2000; Gnecco et al., 2005).  One of the possible 
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reasons for the reduced concentration could be due to the fact that the catchment areas in this 
study are well organized in terms of land area usage; a portion of the catchment area is 
impervious, that is cleaned frequently, and the rest are well maintained with greenery, which is 
also a representative feature of Singapore. This explanation is supported by a gradual decrease in 
the concentration of TSS over the years.  In an earlier study conducted in Singapore, Chui (1997) 
reported that the TSS ranged from 18 to 223 mg/L with a mean of 111 mg/L. However, the 
concentration of suspended solids in combined runoff near the outfall to the sea was found to be 
much higher with mean concentrations ranging from 45.7 to 317.9 mg/L. It was observed that the 
sampling locations near the construction area are the ones that had high TSS loading, despite the 
measures taken by the contractors to contain the dusts inside the construction premises. This TSS 
loading was found to be much higher than that in the residential, commercial, and industrial sites 
studied earlier. The increase in TSS is attributed to the intensity of construction activities taking 
place around the sampling sites. The first flush of TSS was more prominent in the combined 
runoff, mainly because of the high concentration as can be seen from Figure 4.6. 
 
Figure 4.6. Total suspended solids concentration in combined runoff in a big drain 
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In the same canal/drain, the TSS seemed to decrease significantly as it approached the sea 
(see Figure 4.7). This decrease is attributed to massive dilution of the stormwater during high 
tide. 
 
Figure 4.7. Total suspended solids concentration in combined runoff 
 
4.3.6. Major Ions 
The major ions studied in this research are Na+, K+, Ca2+, Mg2+, NH4+ (cations) and Cl-, 
NO2-, NO3-, SO42-, PO43- (anions). There were temporal and spatial variations in concentrations 
of individual ions from one storm event to another. Concentrations of major ions measured in 
grab samples and sequential samples are discussed in separate sections. 
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4.3.6.1. Major Ions in Grab Samples 
Figures 4.8 and 4.9 present mean concentrations of major ions (anions and cations) for 
grab samples of rain water and runoff from roof, residential and commercial areas. Monthly 
variations in concentration of major ions were also observed. 
The average concentrations of the major ions were compared with the maximum 
concentration limits stipulated by Singapore’s environmental law, WHO and USEPA. For most 
of the parameters, the measured concentrations were below the regulatory limits. However, the 
pH of roof runoff exceeded the allowable range. The concentration of chloride ion was far below 
the allowable limit, as the average concentration was below 10 mg/L in all the sectors and the 
limit is 250 mg/L. Similarly, the concentration of Na+ was also far below the limit of 200 mg/L. 
Average concentrations of nitrite and nitrate were below the limit for most of the sites, 
except that the average concentration of nitrate in the commercial site was slightly higher than 
the limit of 10 mg/L. The ammonium ion, though within the allowable limit in rainwater and 
runoff from different sectors, the concentration in residential site was higher by a factor of 2 
compared to that of rainwater. The usual sources of nitrogen compounds are biological activities, 
fertilizers, and human and animal waste decomposition.  In Singapore where 100% of population 
is served by modern sanitation, contribution of human and animal waste is less likely in urban 
runoff. Thus, the enrichment of the nitrogen compounds could be attributed to addition of 
fertilizers, which is occasionally applied in Singapore. 
It should be highlighted that the concentration of most of the ions increased by several 
folds when the stormwater passed through various sectors of the urban area. It was seen that 
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among the urban sectors under investigation, the commercial area produced highest enrichment 
of the major ions, particularly chloride and nitrate among anions, and calcium, magnesium and 
sodium among cations. 
 
 
Figure 4.8.  Major anions in grab samples from rain water, and runoff from concrete roof, 










Figure 4.9.  Major cations in runoff samples from rain water, and runoff from concrete roof, 
residential site and commercial site (values in error bars represent standard deviation) 
Among the major anions, sulfate and nitrate were found to be the dominant species.  On 
an average, sulfate (SO42-) and nitrate (NO3-) together accounted for 86% of the sum of anions, 
while chloride and nitrite accounted for the remainder. SO42- and NO3- are conventional acidic 
ions in precipitation. Most of SO42- and NO3- are in the form of H2SO4 and HNO3, respectively, 
some of which could be neutralized by the basic species in the atmosphere  
It has been widely reported that the sea salt sources account for a significant part of the 
observed sulfate concentrations in samples collected at marine sites (Tuncel et at., 1989; Vong, 
1990). In an earlier study of Singapore rainwater, sea-salt SO42-, calculated using sodium as a 
+ +
4
+ 2 + 2 + 
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tracer, suggested that only 5% of the sulfate was from seawater and 95% was from non seasalt 
sulfate (Hu et al., 2003).  
ANOVA analysis carried out for the major ions suggested that the difference in variance 
among the datasets (rain, roof, residential and commercial runoff) was significant for most of the 
cations, while many of the anions did not display a major difference in concentrations.  
Table 4.2. Single factor ANOVA results of major ions 
Parameters 
Mean of Square Error 





F- 0.06 0.02 2.86 0.048 2.82 
Cl- 71.49 103.78 0.69 0.563 2.79 
NO2- 41.45 6.55 6.33 0.001 2.79 
NO3- 354.05 570.52 0.62 0.605 2.79 
SO42- 990.35 1245.34 0.80 0.503 2.81 
Na+ 322.62 67.74 4.76 0.01 2.98 
NH4+ 135.80 14.43 9.41 6.4E-05 2.82 
K+ 121.17 19.80 6.12 0.001 2.82 
Mg2+ 40.2 42.0 0.95 0.42 2.84 








Table 4.3. Monthly variation of major ions in commercial location (grab samples) 
Parameters 
Mean  Values 
Feb’05 Mar’05 Apr’05 May’05 Jun’05 July’05 
Conductivity 
(µS/cm) 92.05 52.37 93.74 134.74 64.7 71.02 
Anions (mg/L)   
F- 0.24 0.17 0.39 0.25 0.28 0.19 
Cl- 2.99 1.20 17.13 6.31 1.41 2.07 
NO2- 0.62 0.48 0.64 0.44 0.81 0.45 
NO3- 0.34 0.33 0.42 0.92 0.52 1.78 
SO42- 9.24 3.65 36.60 13.15 3.08 3.36 
F- 21.39 4.13 61.53 28.94 5.65 18.06 
Cations (mg/L)   
Na+ 0.59 10.24 12.25 5.81 nd 0.39 
NH4+ 0.19 nd 0.32 0.24 0.19 0.25 
K+ 2.05 1.48 7.03 1.13 0.50 1.63 
Mg2+ 0.31 0.15 1.26 0.24 nd 0.50 
Ca2+ 10.64 2.48 23.61 5.88 1.88 6.85 
Note: 
 nd  –  not detected  
 
4.3.6.2. Major Ions in Sequential Samples 
Characterization of sequential stormwater samples would provide information on 
temporal variations of various ions. As there was a significant variation on the rainfall pattern, 
the washout of atmospheric pollutants showed a wide variation as well. In general, it has been 
reported that ions in stormwater show a strong first flush phenomenon, but with a time lag. In 
our study the time lag was seen ranging from 15 minutes to an hour at the residential site (Figure 



































Storm event of 23/11/2006
Rainfall Cl NO2 NO3
Figure 4.10. Temporal variation of selected anions in residential area for various storm events
 88 
 
In this study, the first flush of major ions was not very distinct in most of the 
storm events, which was most likely because of the non-uniform nature of the storm 
events. For example, in the case of storm on 25/5/2006, there was a long rain event 
lasting for about an hour and there was a gradual increase in the levels of chloride and 
nitrite with signs of first flush phenomena taking place (Figure 4.10). However, the storm 
event of 19/12/2006 was mild with varying intensity for almost six hours, and the 
concentration of major ions increased initially showing signs of the first flush, but as the 
storm continued with varying intensity, the concentration of pollutants or ions fluctuated.  
Figure 4.10 shows the plots of selected anions on main axis and rainfall on secondary 
axis. 
Major cations analyzed for the sequential samples were Li+, Na+, NH4+, K+, Mg2+ 
and Ca2+.  It was seen that for most of the storm events, the mean concentrations were 
below the allowable limit.  The temporal variations of ions in sequential samples were 
studied for storm events that lasted for more than an hour (at least 4 sequential samples). 
The results suggested that for most of the storm events, the ammonium ion showed some 
signs for first flush phenomenon rather quickly and the concentration reduced soon after 
the storm event stopped.  However, the majority of other cations showed delayed first 
flush, and the intensity of the cations continued to rise till the end of the storm event, as 





Figure 4.11. Major cations in sequential samples from residential site on two 
different storm events 
 
4.4. Conclusions 
Storms in Singapore are highly localized and high in intensity. Daily rainfall 
varied from 0.2 mm to 80.6 mm. Antecedent dry days ranged from 1 to 28, signifying 
that the amount of pollutants that accumulate in the atmosphere varied considerably. The 
major conclusions drawn from this study are summarized below:  
 The pH of rainwater was 4.2 (median value), which is lower than what 
was measured in an earlier study.  
 Total suspended solids in runoff from three urban sites (concrete roof, 
residential area, and commercial area) ranged between 10 and 196 mg/L, 
with mean concentrations ranging from 30 to 73 mg/L. The TSS 
concentration from combined stormwater from various locations was 
found to be in the range of 45.7 to 317.9 mg/L. Higher TSS concentrations 
were found in areas influenced by construction activities.  
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 The dissolved organic carbon in rainwater ranged between 0.8 and 7.5 
mg/L, and that for stormwater runoff from different sectors ranged from 2 
to 10 mg/L.  
 ANOVA analysis of the data set from rainwater, and runoff from different 
sectors of urban area suggested that the pH was very significantly different, 
the dissolved organic carbon was also significantly different with the 
confidence level of 87%. However, the conductivity was not significantly 
different in the runoff from different sampling sites. 
 The concentrations of most of the major ions were within maximum 
allowable contamination levels stipulated by Singapore’s environmental 
law. However, as compared to the rainwater, many of the major ions 
increased by several folds in runoff from different sectors.    
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Chapter 5. Characterization of Trace Elements in Stormwater 
Runoff from Different Sectors of Urban Area 
5.1. Introduction 
The use of metals and metalloids is in the rise in urban areas, due to their specific 
properties such as durability, electrical conductance, and also their toxicity. Trace 
elements in urban runoff arise from various sources due to leaching, wearing, corrosion, 
and disposal of materials. Atmospheric deposition contributes cadmium, copper, and lead 
to urban runoff (Garnaud et al., 1999; Revitt et al., 1990; Davis et al., 2001). Vehicle 
emissions and tire and engine wear contribute sizable concentrations of all metals, 
particularly zinc from tire wear and copper from brake pad use (Sezgin et al., 2003; 
Adachi and Tainosho, 2004). Metals also enter stormwater runoff from siding and roofing 
materials (Brown and Peake, 2006). Various studies have found significant correlations 
between traffic volumes and metal concentrations (Day et al., 1975; Leharne et al., 1992; 
Wang, 1981). Pavement can also contribute metals to runoff, especially lead and zinc 
(Ellis and Revitt, 1982). 
 Heavy metals are introduced into catchments mainly through anthropogenic 
activities. They are a cause for concern due to their potential for toxicity. Once they are 
released, they cannot be chemically transformed or destroyed, unlike other constituents 
such as organic matter (Davis et al., 2001). Storm water runoff is one of the major 
sources of heavy metal pollution in reservoirs, streams and lakes (Csuros et al., 2002). 
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 According to the U.S. EPA (Nationwide Urban Runoff Program (NURP)), heavy 
metals, especially copper, lead, and zinc are the most prevalent constituents found in 
urban runoff (U.S. EPA, 1983). During the course of the NURP, event-mean 
concentration (EMC) values measured were 34 µg/L for copper, 144 µg/L for lead, and 
160 µg/L for zinc, with 90th percentile urban site values at 93 µg/L, 350 µg/L, and 500 
µg/L for copper, lead, and zinc, respectively. More recently, Davis et al., (2001) reported 
that the concentrations of Cu and Zn in a residential area were 7.5 and 100 µg/L 
respectively, while those for a commercial area were 200 and 1100 µg/L respectively.  
Similarly, Rule et al., (2006) reported that the concentrations of Cr, Cu, Pb and Zn for a 
residential area were 2.6, 11.8, 4.7 and 23 µg/L, respectively, while those for industrial 
area were 3.22, 57.5, 16.1 and 141.9 µg/L, respectively. Total metal concentrations are 
generally higher in stormwater runoff from residential and commercial areas than those in 
receiving streams and rivers where stormwater inputs are diluted. Concentrations in 
runoff from industrial catchments tend to be higher than those from residential and 
commercial catchments (Sanger et al., 1999).  
 In this study, grab samples were collected from rain and stormwater runoff from 
different urban land use sectors and investigated for the presence of 13 trace elements (12 
heavy metals and one metalloid). Enrichment factors were calculated to determine the 
origin of the trace elements. Further, the chemical datasets generated were subjected to 
multivariate statistical analysis using principal component analysis (PCA), analysis of 
variance (ANOVA), cluster analysis, and classification and regression tree (CART) to 
characterize the quality of runoff water from different sites. Based on these analyses, the 
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spatial distribution of metals in runoff water is discussed in relation to different land use 
types in Singapore.  
5.2. Experimental 
5.2.1. Sampling 
 Rainwater and urban runoff samples were simultaneously collected from three 
different sites during 20 storm events between February and July 2005. The rainwater 
samples were collected at the atmospheric research station located at the tallest building 
in the Faculty of Engineering at the National University of Singapore by an automated 
wet-dry sampler (Model US-330, Ogasawara Keiki Seisakusho, Tokyo, Japan), which 
collects only rainwater without interference from dust fall. The site selection for 
collection of urban runoff from different land use types is presented in section 3.1.  
Plastic containers, pre-cleaned with dilute HNO3, were used to collect grab 
samples from the three urban sites. The relevant meteorological parameters (air 
temperature, total rainfall, etc.) were obtained from an automated NUS weather station 
located in the same building where the atmospheric station is housed. 
5.2.2. Sample Preparation and Analysis  
 Rainwater and stormwater samples were filtered through a 0.45 µm filter paper. 
Filtered samples were acidified with 2% Analytical grade HNO3 (Traceselect for trace 
analysis, Fluoka, France) and analyzed for trace elements.  Acid blanks (2% HNO3 in 
 94 
 
Ultra-pure water) were used for every set of samples to account for contamination, if any, 
through acid addition of HNO3. 
 ICP-MS was used for the analysis of the samples. The operating procedure and 
LODs of ICP-MS are presented in section 3.4.3. Sample handling and preparation were 
carried out in a laminar flow fume hood equipped with a HEPA (High-Efficiency 
Particulate Air) filter to prevent contamination of water samples. In all experiments, acid 
blanks were taken separately. The final concentrations of trace elements in the samples 
are reported after the acid blank correction.  
5.2.3. Enrichment Factor  
 Pollutants in the urban runoff are mainly derived from two sources, (i) low 
temperature crustal weathering and/or soil re-mobilization, and (ii) a variety of high 
temperature anthropogenic sources. The use of enrichment factors (EF) helps to establish 
the principle sources of trace metals in urban runoff.  EFs are used to characterize 
chemical character of stormwater by normalizing the measured concentration of trace 
metals to their respective concentration in crust. For the crustal source, Al is commonly 






























• Cx and CAl = Concentration of element x and Al in the sample 
• Cxc and CAlc = Average concentration of crustal element 
 Using the equation 5.1, the strength of crustal and non crustal trace elements has 
been evaluated. If any trace element has crustal origin, then the EF for that trace element 
would be unity. Theoretically, if any trace element has non-crustal (anthropogenic) origin, 
then the EF would be greater that unity. However, the composition of crustal soil is not 
exactly the same from one location to another, and information on the uncertainties 
concerning fractionation during weathering is not sufficient. Thus, the usual practice of 
distinguishing anthropogenic origin of trace elements from that of natural source is based 
on the use of the enrichment factors of 10 and above. Mason (1966) proposed that the 
crustal averages of various trace elements are Al (81,300), Ti (4,400), V (135), Cr (100), 
Mn (950), Fe (50,000), Co (25), Ni (75), Cu (55), Zn (70), As (1.8), Cd (0.2), and Pb (13) 
ppm (mg/kg), respectively. Continental crustal averages from Mason (1966) were used 
and enrichment factors were calculated using Al as tracer with an assumption that 
contribution of anthropogenic source of Al is negligible in Singapore (Balasubramanian 
and Qian, 2004). 
5.2.4. Statistical Analysis 
Out of the 20 storm events collected and analyzed for trace elemens, only samples 
collected from 12 storm events met our QC/QA criteria which were then statistically 
analyzed for source assignments; the QA/QC criteria used in the study are total rainfall 
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greater than 10 mm, dry period before storm event of at least 24 hours, and data 
completeness. Descriptive statistics was performed to analyze the mean and standard 
deviation of the individual elements separately for all the four sample collection sites. 
Principal component analysis (PCA) was used to analyze the higher dimensional 
elemental composition data. After projection onto variance descriptor space, first few 
principle components capture the dominant variations in elemental composition which 
were used as dimensions of axis during analysis. Hence, PCA provides a compressed 
picture of variations in multidimensional data and is a handy tool to compare similarity 
and differences between different sources of variations. The elemental composition 
profiles for different sampling locations were compared using PCA score plots obtained 
for the overall data for each location by combining the concentrations of the 13 trace 
elements. This analysis was also used to establish the consistency in sampling 
methodology and sample analysis. PCA plots were also used to compare the rain events 
separately for each sampling location.  
 Cluster Analysis was performed to group the locations as well as rain events to 
arrive at spatial similarity and seasonal effect. Hierarchical clustering was performed on 
the PCA scores to establish the groups. The significance of variation for individual 
elemental composition across different sources was established by one-way ANOVA. 
The difference in mean composition values between sites was established based on the p-
value provided by the F-statistics during ANOVA. Individual elements were considered 
to be important sources of water quality variation if it showed significant difference 
between at least two sources. Box plot description (McGill et al., 1978) was used to 
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visualize the ANOVA results. All the data processing and analysis were carried out using 
MATLAB (MATLAB, 2007). 
5.2.5. Modeling for Point-of Source Characterization  
 Modeling was performed in order to characterize the quality of urban runoff from 
different sources. Logical rules were formulated using Classification and Regression 
Trees (CART) in order to distinguish the four sites based on elemental composition 
values. CART (Breiman, 1998) is a decision tree based classifier tool which searches for 
best variables (elemental composition in the present study) which distinguish the data 
classes (sampling locations) and also provide the cutoff values for those variable 
(composition limits). The tree is grown continuously using rules on different variables till 
all the samples in the dataset are classified distinctly. This analysis provides a clear 
understanding of variations between different sources as well as important metals that 
differentiate the sources. This information will give initial guidelines for water treatment 
plant design to decontaminate runoff collected from different urban sources. 
5.3. Results and Discussion 
5.3.1. Sample Consistency 
 Samples were collected from two locations within the residential area to test the 
consistency of the sampling and analytical protocol. The analytical results from these two 
locations (Station 3 and 4) showed good consistency (RSD < 5 %), confirming that the 
data are representative of the site considered. This fact is further confirmed using a 
similarity test in PCA. The scores plots using first two major principal components, as 
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presented in Figure 5.1, indicate the proximity of sample locations. The two axes used in 
the scores plot indicate the variations across the rain events for all the element 
compositions. The percentages shown with each principal component indicate the 
coverage of total variance in the data by that axis. We can observe that the runoff from 
residential sites (KC and KF) grouped together, whereas both roof runoff (RF) and runoff 
from commercial site (CC) showed distinct variations different from the residential site. 
This projection establishes the consistency in sampling as the replicates at the residential 
area showed similar elemental profiles. This also provides preliminary evidence towards 
our hypothesis that the urban rainwater runoffs from different point-of sources are 












Figure 5.1.  PCA scores plot to compare locations – based on the overall data compiled 
for each location by combining concentrations of 13 trace elements for 12 storm events 
for RF (Roof runoff), CC (runoff from Commercial site), KC and KE (runoff from 
residential sites) 
 
5.3.2. Concentrations of Trace Elements in Runoff from Various Sectors of an 
Urban Area 
 Table 5.1 summarizes the concentrations of 13 trace elements in rainwater, and 
runoff from roof, residential and commercial sites. Among the trace elements in rainwater 
samples, Zn was most abundant with an average concentration of 79.4 μg/L, followed by 
Fe (49.4 μg/L), Al (36.7 μg/L), Cu (14.4 μg/L), and Mn (5.3 μg/L), respectively. As can 

































be seen from Table 5.1, the concentrations of most of the trace elements in runoff 
samples were elevated than those in rainwater suggesting that the human activities are 
responsible for the increased concentration of trace elements in urban runoff. Monthly 
variations were observed in the concentrations of trace elements from one sample to 
another. Concentrations of most of the trace elements were highest in the months of April 
and May for roof runoff and runoff from the commercial area. In case of the residential 
area, the highest concentrations were observed in the month of May only. Various factors 
are known to influence the concentration of trace elements in runoff which include: the 
number of days antecedent to rainfall, the intensity of rainfall, atmospheric deposition, 
surface over which the runoff passes, anthropogenic activity in the area considered, etc. 
(Granier et al., 1990; Davis et al., 2001; Hatje et al., 2001).  As the samples were 
collected in close proximity (within 1 km) among each other, the possibility of 
atmospheric variability and environmental factors to be dominant mechanisms for the 
change in the concentrations of the trace elements can be ruled out. The most significant 
factor for the observed variations in the concentration of trace elements appears to be 
associated with the influence of variations in the intensity of human activities in the areas 
considered. 
Concentrations of all the trace elements were elevated in roof runoff as compared 
to those in rainwater.  In particular, the concentrations of Fe, Pb, V, and Zn were highly 
enriched. The use of leaded gasoline in automobiles was phased out in Singapore since 
1998, which was reflected with lower concentrations of lead in rainwater, and thus the 
lead contribution from vehicular emissions is unlikely. The enrichment of Pb could 
therefore be attributed to the leaching of Pb that was earlier deposited onto the soil during 
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the earlier days of use of leaded gasoline and/or from painted surfaces containing lead 
(Van Metre and Mahler, 2003). As the sampling sites were located downwind of a major 
industrial estate, dry deposition of indutrial emissions and re-suspended dust (soil and 
street dust) could also be one of the major sources of the other trace elements (Sabin et al., 
2005) measured in this study. 
In the case of residential runoff, concentrations of Cr, Cu and Zn were found to 
decrease as compared to rainwater while the rest of the trace elements were enriched by 
factors ranging from 3.3 to 10 (As (10), Pb (5.9), Al (5.8), and Fe (3.3)). As the 
substantial fraction of runoff passed through vegetated areas in the residential area, it is 
likely that vegetation acts as a sink for some of the elements (Davis, 2005), while soil 
could leach out other elements (Byrne and Deleon, 1987). Arsenic is used in pesticides 
and weed-killers (Makepeace et al., 1995), which are occasionally used in residential 
areas to maintain greeneries. Arsenic is also used in detergents (Makepeace et al., 1995), 
some of which can get into urban runoff mainly as a result of external use of detergents, 
for example, car washing.  However, it should be pointed out that the concentration of As 
found in residential runoff is not alarming as it has an average concentration of 3 µg/L, 
which is well below the drinking water standards of 10 µg/L set by World Health 
Organization (WHO, 2008). 
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Rain Water Roof Runoff Residential Area Commercial Area 
MCL 
Mean Min-Max Mean Min-Max Mean Min-Max Mean Min-Max 
Al 36.7 3.12 – 92.1 106.4 13.4 - 221.8 215.5 44.3 - 545 195.2 37.3 - 1311.5 50 - 200 a 
Co 0.2 0.01 - 0.79 0.7 0.1 - 1.6 0.2 0.1 - 0.6 0.6 0.1 - 1.2 -  
Cr 1.6 0.07 – 8.64 2.7 0.2 - 6 4.2 2.6 - 8.6 8.2 2.3 - 53.9 50 c 
Cu 14.4 1.45 – 62.4 85.4 7 - 220 12.4 4.7 - 29 13.8 3.1 - 36.2 1300 a 
Fe 49.4 4.54 - 127.9 340.3 104.9 - 823 164.6 67.1 - 321.2 115.9 69.3 - 187.8 300 a,b 
Mn 5.3 0.48 – 60.7 23.1 0.5 - 68 4.8 0.3 - 15.4 7.6 1.6 - 20.6 50 a 
Pb 1.6 0.00 - 10.49 11.1 Jan-33 9.4 1.7 - 42.6 8.6 1.6 - 27.5 10 b 
Zn 79.4 3.86 - 153.2 284.8 19.5 - 672 41.1 12 - 224.1 172.3 23.1 - 869.2 3000 b 
Cd 0.1 0.02 - 0.27 0.3 0 - 0.6 0.2 0 - 0.6 3.9 0.1 - 12.9 3 b 
Ni 1.4 0.27 - 2.6 6.8 1.4 - 17.3 2.7 0.8 - 5.3 4.3 0.9 - 21.2 20 b 
Ti 4.4 0.69 – 15.8 6.9 0.9 - 30.2 9.7 1.6 - 33.3 7.2 1 - 30.6 -  
V 2.8 nd - 6.75 36.1 2.3 - 307 8.8 3.2 - 19.9 7.3 2.7 - 16 -  
As 0.3 0.01 - 1.52 1.5 0.3 - 2.8 3.0 1.8 - 5.2 0.6 0.2 - 1.2 10 a 
Note:   a – USEPA;    b – WHO;    c - Singapore
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 The quality of stormwater from the commercial area showed some distinct 
patterns. As compared to rainwater collected in the same location, the stormwater from 
the commercial area had higher concentrations of Cr and Pb by more than five factors 
while Cd was higher by almost four orders of magnitude. Possible sources of Cr include 
its leaching from corroded (welded) metal plates, bearings and brushings, dyes, paints, 
etc. Pb could be leached out from paints and soil. Cd could be leached out from corroded 
metal surfaces (Makepeace et al., 1995). These sources were found in the commercial 
area as the building construction/renovation works were in progress during the sampling 
period. 
Some sporadic sharp increases in the concentration of metals such as Cu, Fe, and 
Zn were observed. These sharp rises in the concentration suggest that the urban runoff 
does reflect the change in concentrations of key contaminants if there is any change in the 
strength of activities on site.  
Some trace metals like Cu, and Zn were higher in roof runoff than in the case of 
residential area. The probable reasons for enriched concentration of trace elements in roof 
runoff could be the combination of dry deposition on the roof, and leaching of metals 
from plumbing. In addition soil in residential area can act as a sink for some of the trace 
elements, reduciding the concentrations below the levels of rainwater, as was seen for Cu, 





5.3.3. Enrichment Factor 
5.3.3.1. Rainwater 
Figure 5.2 shows the details of the enrichment factor calculated for the 12 trace 
elements in rainwater and urban runoff.  It can be seen that for rainwater samples, all the 
trace elements other than Fe and Ti have enrichment factors greater than 10.  The EF for 
Fe and Ti was about 2, suggesting a crustal origin of these two elements. Co, Cr, Mn, Ni, 
and V had EFs ranging between 10 and 50; Cu, Pb and As had enrichments in few 
hundreds while Cd and Zn showed enrichments greater than 1000, suggesting a strong 
influence of human activities for these elements. This observation is consistent with our 
earlier findings reported in the literature (Hu and Balasubramanian, 2003) except that Mn 
which appears to be of  anthropogenic origin in recent years. The order of enrichment for 
trace elements in rainwater samples is as follows: 
Zn>Cd>Cu>As>Pb>V>Ni>Cr>Co>Mn. 
5.3.3.2. Roof Runoff 
Comparing the average concentration of urban runoff, roof runoff showed lower 
concentrations for most of the trace elements as compared to residential and commercial 
locations, but the EF calculations showed that trace elements in roof runoff were much 
enriched for most of the trace elements. This trend can be explained based on the fact that 
the roof runoff water samples were not in contact with the ground/soil and did not have 
much influence of the crustal elements other than few metals that were (re-) suspended 
from the surface under windy conditions. As compared to fresh rain samples, roof runoff 
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had higher enrichment factors by about a factor of 2 for most of the trace elements. The 

















Trace Metals Rain Roof Runoff
 
Figure 5.2. Enrichment Factors (mean) of trace elements for rainwater and roof runoff 
5.3.3.3. Residential Runoff 
 For runoff from residential area, the highest enrichment was found to be for As. In 
terms of absolute numbers, the concentration of As in the residential site was only about 
4 μg/L. However, because the As/Al for crustal average was very low (2.21E-5) the 
present ratio of 0.018 (Al = 190 μg/L) gave an EF of 850 which is the highest among the 
trace elements in residential runoff (Figure 5.3). Possible sources of As include laundry 
products, pesticides, weed killers, defoliants, and preservatives (Makepeace et al., 1995). 
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The order of enrichment was As>Cd>Pb>Zn>Cu>V>Cr>Ni.  It was found that Co, Fe, 
Mn and Ti were predominantly of crustal origin as their EFs were less than 10 for runoff 
from the residential area.  Pb, in particular, was found to have a higher enrichment in the 
residential area than that in the commercial area, which can be attributed to the wash-out 
of Pb from building walls that contained paints with Pb in addition to the leach-out of Pb 
from soils which accumulated till June 1998 (Davis et al., 2001). It is to be noted that 
Singapore does not have any direct release of Pb from automobiles after the use of leaded 
gasoline was phased out in 1998. Vanadium is used as steel additives that are not leached 
out easily; however, it is also used in dying and printing fabrics which can be leached out 
over time (Makepeace et al., 1995). Thus, V being more in the residential area can be 
attributed to be leaching of this element from fabrics. 
5.3.3.4. Commercial Runoff 
 For runoff from commercial area, enrichment of Cd was very high (8,228), 
followed by Zn (2,154). The reasons of these enormous enrichments could be due to a 
combination of commercial activities (use of cadmium coated ferrous and non-ferrous 
products, cadmium alloys and electronic products, and nickel-cadmium batteries), metal 
roofing, and the ongoing building construction/renovation work in the sampling area 
during the sampling period.  It was followed by Cu (221), which is expected in 
commercial areas that uses lots of copper wires, pipes, electroplated products etc., and at 
places near construction/renovation activities, due to the installation/replacement of 
copper wires and pipes. The order of enrichment among trace elements in runoff was 
Cd>Zn>Cu>Pb>As>Cr>Co>V>Ni. The high EF of Zn can be attributed to the presence 
of metal roofing (walkway cover) and renovation activities. The EF of Cd was 
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significantly higher in the commercial area, which was most likely due to the ongoing 
construction activities in the vicinity of the sampling site, and could have leached out 

















Trace Metals Residential Commercial
 
Figure 5.3. Enrichment Factor (mean) of trace elements for runoff from residential and 
commercial areas 
5.3.4. Comparison of Storm Events 
The elemental composition profile for each storm event was projected onto lower 
dimension to compare the storm events within each site. Figure 5.4 gives the comparison 
of PCA score plots for different sites. Storm events 1, 2 and 3 (rain days all in the month 
of April) have shown similar composition profiles in runoff from roof and commercial 
areas. Storm events 8 to 12 (all in July) also have clustered together in almost all sites. 
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This distinct grouping of metal variations could be due to seasonal variations (pre-
monsoon and monsoon rain days), or adue to variations in the anthropogenic activities at 
different times, and needs further investigation. Another important pattern that can be 
observed in Figure 5.4 is that storm events 1, 2 and 3 have shown negative scores (based 
on first principal component measure on x-axis of score plots) in the residential area and 
positive scores for the commercial area (Roof and Computer center). This indicates that 
the residential area has shown lower variations compared to those in the commercial area 
for these three rain-days, and the trend showed a reverse pattern for the rest of the rain 
days. These observations provide another dimension (based on seasonal variation) to the 
hypothesis of unequal distribution of urban runoff quality. 
 
Figure 5.4. Scores plot based on PCA for comparison of storm events from different sites. 




















































































Sample distribution in different regions using PCA score plots
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Variations in individual trace element compositions across different sites were 
further analyzed using ANOVA. This analysis identified important elements which show 
significant variations across different sites. Figure 5.5 summarizes the ANOVA results 
for all the elements. 9 out of 13 trace elements showed significant variations across 
different sites with significance level greater than 90%. The box plots for As and Co 
(Figure 5.6) further clarify this runoff quality difference between land use types. The 
mean (center horizontal line inside the box) and the variance (the height of the sloping 
notch) for the elements are distinctly different for roof samples and not overlapping with 
other sites. This considerable variation among the trace elements establishes the 
significance of chemical composition variation in urban water runoff from different land 
use types. It must be emphasized here that the variation was sufficiently high in spite of 
the fact that the sample collection sites are geographically very close to each other. Hence, 
the variation will be much more significant with wider geographical locations leading to 
enhanced concerns about the variation of runoff quality.  
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Figure 5.6. Box plot of the elemental concentrations for different land use types; RF 
(Roof runoff), CC (runoff from Commercial site), KC and KE are runoff from residential 






 CART analysis provided a clearer picture to characterize the quality of water from 
different sources of collection. The entire data set with concentrations of thirteen trace 
elements was provided to CART to design classification rules to identify different sites. 
Figure 5.7 gives a snapshot of the model designed by CART. It can be seen based on the 
rule designed for first variable (Cd concentration) only runoff from the commercial area 
had Cd concentration ≥ 0.74 µg/L. Similarly, if Al ≥ 174.9 µg/L, it is runoff from 
residential area. Additional rules can be developed such as if Zn ≥ 130.3 µg/L and Al < 
174.9 µg/L, then the sample belongs to roof runoff. These rules can be seen as boundary 
limits of trace elements for samples from a particular land use type. It was observed that 
over 95% of samples satisfy these conditions. Hence, this analysis gives a good basis for 
characterizing runoff water quality at different sites and helps design runoff treatment 
strategy, at least in the given sampling zone. This prototype study can be similarly 




Figure 5.7.  Decision rule (CART) based modeling of metal compositions to characterize 
point-of source of runoff water 
 
5.3.6. Intercomparison 
 Concentrations of various trace elements for urban runoff are compared with 
those from similar studies reported in the literature. Although the scope of the latter 
studies was different from the current one, an inter-comparison concentration of trace 
elements gives a general idea on the quality of urban runoff being generated from 
different sectors (see Table 5.2). Cr, Zn and Cd are higher in commercial runoff in this 
study. However, as the upsurge of these concentrations has been attributed to the 
construction/renovation activities going on during the time of sampling, it should not be 
taken as representative values for commercial sector in Singapore. Further, it should be 
noted that Zn concentration in this study was found to be higher in all sectors including 
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fresh rainwater. The higher concentration of Zn in all runoff samples was most likely due 
to anthropogenic sources as the enrichment factor for Zn was around 2500, 3000, 350, 
and 2150 for rainwater and runoff from roof, residential area, and commercial area, 
respectively. 
Average values of Cr, Pb and Zn in residential runoff in Singapore are relatively 
higher that those reported in Rule et al., (2006). Davis et al., (2001) reported the 
concentration of roof runoff for residential and commercial areas. The values they 
reported are much higher than our findings. However, it has to be emphasized that we 
have reported average values, while they have reported first flush values.  
Table 5.2. Inter-comparison of concentrations of trace elements in urban runoff (µg/L) 
Metals 
Our Study                        
(average)  
Rule et.al., 2006 
(average)   
Davis et.al., 
2001 (first flush) 
Rain Roof Res Com  Res light Ind   Res Com 
Cr 1.6 2.7 4.4 8.2  2.6 3.22  na na 
Cu 14.4 85.4 11.7 13.8  11.8 57.5  7.5 200 
Pb 1.6 11.1 13.9 8.6  4.7 16.1  1.5 62 
Zn 79.4 284.8 61.7 172.3  23 141.9  100 1,100 
Cd 0.1 0.3 0.2 3.9  0.09 0.33  0.1 1.3 
Ni 1.4 6.8 2.7 4.3  2.34 5.39   na na 
Note:  na - not reported  
Notation: rainwater (rain), roof runoff (Roof), and runoff from residential area (Res), 





Among various non-point sources, stormwater runoff has been recognized as a 
major contributor to a variety of water pollution problems in urban areas. The present 
study reports a comprehensive chemical analysis of 13 elements in rainwater and 
stormwater collected from three different sites. Major conclusions from this study are: 
 The rainwater in Singapore is contaminated with heavy metals of 
anthropogenic origin, especially Cd, Cu and Zn.  
 Concentrations of Al, Fe and Zn were generally high in all urban runoff 
samples. 
 In comparison to fresh rainwater, concentrations of most of the trace 
elements increased in runoff from roof, residential and commercial areas, 
but with varying amplitude.  
 Calculation of enrichment factor with respect to Al distinguished between 
trace elements of natural and anthropogenic origins. In most of the runoff 
samples, all trace elements with the exception of Fe, and Ti were found to 
be of anthropogenic origin.  
 Analysis of variance among the data sets of different land use types 
revealed that 8 out of 13 trace elements had significantly differentce, 
suggesting strong spatial variation.  
 CART analysis produced logical rules to distinguish urban runoff from 
different sectors and the accuracy of the analysis was 95%. Modeling 
using CART can be expanded to cover the entire catchment of urban 
runoff and can be used to design runoff treatment strategy. 
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Chapter 6. Characteristics and Environmental Mobility of 
Trace Elements in Urban Runoff 
6.1. Introduction 
Growing urbanization and daily human activities are large sources of pollutants 
that affect the quality of urban stormwater runoff. Trace elements in urban runoff have 
been of concern to the environmental pollution control agencies worldwide because of 
their direct adverse effects on the receiving waters, ecosystem, and also on human health. 
Heavy metals such as cadmium, copper and lead are of particular concern because of 
their prevalence, persistence in the environment and potential chronic in-stream toxicity. 
In view of these concerns, the quality of urban runoff has been investigated in many 
countries by a number of researchers (Chang and Crowley, 1993; Taebi and Droset, 2004; 
Lee and Bang, 2000; McPherson et al., 2005). Previous studies reported in the literature 
have shown that trace elements may be present in stormwater in both their dissolved and 
particulate fractions (Brown and Peake, 2006; Eriksson et al., 2007). Concentrations of 
trace elements in runoff can vary from event to event and from location to location due to 
variation in the nature and intensity of human activities (Tuccillo, 2006). Davis et al., 
(2001) reported that concentrations of Cu, Pb, and Zn in roof runoff were 7.5, 1.5, and 
100 µg/L respectively, in a residential site, while they were 200, 62, and 11000 µg/L, 
respectively, in a commercial site. Similarly, Rule et al., (2006) reported that 
concentrations of Cu, Pb, and Zn in stormwater runoff were 11.8, 4.7, and 23 µg/L, 
respectively, in a residential site, while they were 57.5, 16.1, and 141.9 µg/L, respectively, 
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in an industrial site. However, little is known about the abundance, fate and transport of 
trace elements in tropical countries such as Singapore (Chui, 1997), despite abundant 
rainfall.  
Although the total concentrations of trace elements may be similar in two water 
systems, the chemical forms of the trace elements may be quite different and could thus 
exhibit different levels of environmental impacts. The biological toxicity of trace 
elements is mainly related to their concentrations in various physio-chemical forms 
(Florence, 1982; Tanizaki et al., 1992; Ramirez et al., 2005). Trace elements in aquatic 
media can be broadly divided into two forms: dissolved and particulate forms. Dissolved 
forms of trace elements are readily bioavailable and very mobile. On the other hand, the 
concentration in particulate phase does not possess immediate risk, but can go into 
dissolved form under adverse environmental conditions, and thus remain in the system as 
a potential source of bioavailable trace elements. Thus, in order to obtain the information 
on toxicity and biotransformation of trace elements in aquatic and biological systems, it is 
necessary to determine their distributions between the dissolved phase and particulate 
phase, more importantly, the environmentally mobile fraction of trace elements sorbed to 
suspended solids (Davidson et al., 1994). 
The objective of this work was to investigate spatial and temporal variations of 13 
trace elements in urban runoff. The dissolved fraction, environmentally mobile fraction 
and total concentration of the trace elements in urban runoff were determined for the first 
time in Singapore. The statistical correlations among the elements were also evaluated. In 
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addition, principal component analysis (PCA) was performed to identify the possible 
origin of the metals/metalloid under study.  
6.2. Experimental 
6.2.1. Sampling  
 For this part of study, stormwater samples were collected from two distinct 
locations; residential and industrial areas. Stormwater samples from residential area 
(Station 5, Figure 3.1) (Kent Vale, Clementi Road) was taken in a strictly housing area, 
with housing blocks, gardening and basic facilities like parking and walkway shades 
(metal/plastic roofing for walkways from one block to another). The housing estate is 
also a part of the test bedding infrastructure solution initiative undertaken by the National 
University of Singapore (NUS). The sampling location was selected towards the end of 
the housing estate such that stormwater from different parts or residential area mixes and 
a representative sample could be collected. Sequential stormwater sampler was placed on 
the side of a covered drain, and the sampler strainer was placed at the bottom of the drain 
through a manhole cover. 
 An industrial site at Boon Lay (Station 6, Figure 3.2) was selected at a distance of 
about 6 km away from residential site. The industrial area houses light industries; 
predominantly, food & beverages and distilleries. Amenities around the industrial area 
are a suburban shopping mall, bus interchange and mass transit station. Stormwater 
samples were collected from a drain that collects surface runoff only from the industrial 
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area. An automatic sequential sampler was placed along the banks of Lanchar Canal. Site 
condition and sampler location are presented in Figure 6.1.  
 
Figure 6.1. Pictures of sampling sites and sampler, (a) Drain along the feeder road from 
which urban runoff is collected, (b) Drain going into Lanchar Canal, (c) sampler housing 
by the side of the drain, and (d) sampler and sampling bottles 
 
Samples were collected during selected storm events for eleven months (January 
to November 2006) using automated sequential samplers (ISCO 6712, Teledyne Isco 
Inc.). In order to represent entire storm events, sequential samples were collected every 
15 minutes. Depending upon the duration of storm events, the number of samples in each 





sampler can hold at a time). A total of 39 storm events were investigated with the total 
number of samples processed being 240.  
Plastic containers were used to collect and store samples. All the containers used 
were soaked in 2% HNO3 solution for twenty-four hours and then rinsed with tap water 
and DI water at least three times before drying in oven at 90oC. 
6.2.2. Sample Preparation and Analysis  
pH was measured as soon as the samples were brought to the laboratory, after 
which they were filtered through a pre-weighed 0.45µm membrane filter. The filter paper 
was dried and placed in a desiccator overnight before taking the final weight to calculate 
the concentration of suspended solids. Filtered samples were acidified to pH 2 with 
analytical grade HNO3 (Traceselect for trace analysis, Fluoka, France) and preserved in a 
refrigerator at 4oC until analysis. Acid blanks (2% HNO3 in Ultra-pure water) were used 
for every set of samples to account for contamination, if any, through acid addition.  
The concentration in the dissolved phase was determined by analyzing the filtrate 
using ICP-MS. The concentration in particulate phase was determined by digesting the 
filter paper containing suspended solids in a microwave digester as explained in Section 
3.4.1. Half of the total filter paper was used for acid digestion to determine total 
concentration of trace metals in particulate phase. The procedure for acid digestion 
developed in an earlier study (Karthikeyan et al., 2006) was adopted initially, but 
modified and optimized for the total digestion of particulates in urban runoff samples. 
Following complete digestion of the suspended solids, the extract was diluted to 50 mL, 
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filtered through a 0.45 µm syringe filter, and analyzed by ICP-MS under optimal 
measurement conditions.  
The other half of the filter paper was used for the determination of 
environmentally mobile fraction of trace elements. The filter paper (half) was cut into 
small pieces with a ceramic scissor and carefully transferred to a 15 mL polypropylene 
tube. 10 mL 0.11M ammonium acetate was added in the tube and was subjected to 
ultrasonic agitation (Elma S 60H Elmasonic) for 1 h at 23 ± 1oC. The extract was filtered, 
and the solution was finally acidified to pH < 2 with HNO3 to prevent loss of metal ions 
during storage prior to ICP-MS analysis. The limit of detection of ICP-MS is presented in 
Table 3.1. 
6.2.3. Multivariate Statistical Analysis 
It is generally observed that concentrations of trace elements in an environmental 
matrix do not vary independently, but co-vary to some extent, indicating common sources 
or similar transport mechanisms (Balasubramanian and Qian, 2004). To identify possible 
sources of various trace elements in runoff from residential and industrial sites in this 
study, the concentration data for each metal in both the sites were examined using 
statistical approaches. PCA was chosen for this purpose as this multivariate statistical 
technique helps to identify and quantify the impact of relevant pollution sources (Vega et 
al., 1998; Simeonov et al., 2003; Shrestha and Kazama, 2007; Zhang et al., 2009).  
The primary objective of PCA is to derive a small number of components that 
explain the maximum variance of the data, such that the components are orthogonal 
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(uncorrelated) to each other. Numerous principal components (PCs) are generated based 
on the criterion, which has proven to be a useful rule of thumb for several environmental 
data sets, wherein those factors having an eigen value > 1.0 are retained 
(Balasubramanian and Qian, 2004). The eigen value is the sum of the squares of the 
factor loadings for a factor. The first principal component (PC1) explains the largest 
possible variance of the original variables. PC2 is chosen such that it explains the largest 
possible variance in the remainder, subject to the restriction that PC1 and PC2 are not 
correlated. Prior to statistical analysis, the data were checked for statistical outliers. 
6.3. Results and Discussion 
Table 6.1 summarizes the concentration of the trace elements in urban runoff 
from residential and industrial sites in Singapore. It can be seen that the average of total 
elemental concentration in the runoff from residential site ranged from 0.5 µg/L (Co) to 
848 µg/L (Fe), while it ranged from 2.8 µg/L (Co) to 3146 µg/L (Fe) for industrial runoff. 
The dissolved concentration of the elements in runoff from the residential site ranged 
from 0.1 µg/L (Co) to 113 µg/L (Fe), while that from the industrial site varied from 0.47 
µg/L (Cd) to 512 µg/L (Fe). The particulate bound trace elements in urban runoff is 
generally carried away by aggregation with solid matrix, so the levels of total suspended 
solids (TSS) might be a surrogate parameter for total elemental composition in urban 
runoff (Thomson et al., 1997). The concentration of suspended solids in urban runoff 
varied from one storm event to another and also within a storm event over a period of 
time, and ranged between 10 and 196 mg/L. The mean concentration during the storm 
event ranged between 30 and 73 mg/L, which is lower than the values reported in the 
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literature (Legret, 1999; Gnecco et al., 2005). The probable reason for the reduced 
concentration of the suspended solids could be due to the fact that the catchment areas in 
Singapore are well organized with greenery which tends to reduce pollutant loads (Davis, 
2005). In addition, the impervious surfaces over which the runoff flows are cleaned 
frequently.  This explanation is further supported by the decrease in TSS concentration in 
Singapore over the years; Chui (1997) reported that the TSS ranged from 18 to 223 mg/L 
with a mean of 111 mg/L, which is higher than that measured in this study. 
A study of temporal variations of the trace elements in urban runoff was 
conducted. Analysis of sequential samples revealed that some of the trace elements such 
as Co, Ni, Ti, and V had higher loading at the beginning of storm events representing first 
flush phenomenon (Flint and Davis, 2007 and references therein) as shown in Figure 6.2. 
This phenomenon was noticed in most of the other storm events, and the representative 
ones are shown in Figures 6.3 a, b, & c.  
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Table 6.1. Trace metal concentrations in urban runoff from residential and industrial sites 
Metals 
(µg/L) 
Residential Runoff   Industrial Runoff 
Dissolved           
Mean (Range) 
Suspended          
Mean (Range) 
Total               
Mean (Range)   
Dissolved           
Mean (Range) 
Suspended          
Mean (Range) 
Total               
Mean (Range) 
Al 32.49 (0.42-400.9) 471.75 (122.5-771.5) 491.9 (145.1-796.2)  62.37 (2.53-419.37) 730.9 (135.5-6794) 769.3 (165.1-6836) 
Co 0.1 (nd-1.52) 0.35 (0.15-1.9) 0.48 (0.2-2.02)  0.56 (0.05-2.58) 2.58 (0.33-17.73) 2.84 (0.4-18.97) 
Cr 1.96 (nd-5.97) 182.9 (41.1-287.1) 185.7 (42.61-269.5)  6.09 (0.98-53.93) 211.3 (133-260.1) 213.8 (136.5-273.9) 
Cu 12.35 (1.57-75.75) 33.55 (10.7-74.35) 44.78 (18.29-88)  19.16 (1.17-92.79) 217 (29.04-670.9) 241 (41.2-700.6) 
Fe 113.2 (21.64-347.92) 694.2 (145.1-2921) 848.1 (189.6-3032.9)  521.42 (24.04-4104) 2886 (405.6-7181.2) 3146 (429.6-8768) 
Mn 1.44 (nd-21.06) 13.27 (3.92-41.24) 14.7 (4.34-41.82)  32.54 (0.83-175.5) 77.8 (4.96-221.2) 96.25 (9.93-279.2) 
Pb 1.06 (nd-21.21) 52.76 (4.65-205.9) 51.32 (5.64-205.9)  6.63 (0.32-74.36) 87.11 (25.2-182.2) 90.25 (25.71-196.3) 
Zn 52.21 (4.85-182.8) 388.7 (16.39-941.5) 436.4 (84.93-966.7)  238.7 (2.74-745.9) 892 (112.6-2006) 1127 (342.9-2237) 
Cd 0.11 (nd-1.79) 1.72 (0.89-3.03) 1.82 (0.93-4.69)  0.47 (nd-5.17) 4.21 (2.13-8.59) 4.57 (2.48-8.81) 
Ni 2.89 (0.99-5.71) 5.94 (2.55-10.11) 8.88 (3.85-13.96)  4.71 (1.85-16.77) 11.64 (5.28-27.25) 15.17 (7.56-32.78) 
Ti 7.41 (nd-25.28) 263.5 (49.92-1903.5) 283.9 (54.19-1914.5)  10.69 (nd-30.11) 84.28 (44.12-290.5) 95.31 (52.46-307.4) 
V 2.07 (nd-16.48) 2.23 (0.36-6.18) 4.34 (0.56-19.36)  4.46 (1.48-15.9) 14.32 (0.83-62.11) 18.38 (2.96-69.68) 





























Figure 6.2. Concentration of various trace elements in a storm event showing first flush 
effect 
 
The study of first flush phenomena is important because during those instances, 
the concentration of trace elements might exceed water quality standards even if the 
average concentrations remain below the standard limits. However, it was also noticed 
that though the trace elements followed patterns representing first flush in most of the 
storm events, their concentrations varied from one storm event to another. Factors such as 
rainfall characteristics (intensity and depth), antecedent dry days before individual storm, 
and the specific activities in the catchment together determine the amount of pollutants 
being washed off during a particular rain/storm event (Garnier et al., 1990; Chui, 1997; 
Davis et al., 2001). However, some elements such as As, Cr, and Cu did not follow the 
phenomenon, which could be due to the difference in solubility characteristics of these 
















































Figure 6.3. Concentration of trace metals in multiple storm events (a) Aluminium, (b) 






The percentage of dissolved and environmentally mobile fractions of total 
concentration for selected trace elements in residential and industrial runoff is shown in 
Figures 6.4 and 6.5, respectively. The stable (non-mobile) fraction was deduced by 
subtracting the environmentally mobile fraction from the total concentration in suspended 
solids. It can be seen from the Figures that both the fractions have different weightage for 
different trace elements, which were mainly governed by pH, redox potential, solubility 
characteristics, etc. (Sansalone and Buchberger, 1997). The stable fraction was 
predominant for Al, Fe, and Zn in both residential and industrial runoff, while for other 
elements, the combination of dissolved and environmentally mobile fractions took up 
more than half the total concentration, suggesting that the two fractions (dissolved and 





















































Figure 6.4. Percentage of dissolved (Dis), environmentally mobile (Env Mob), and stable 












































Figure 6.5. Percentage of dissolved (Dis), environmentally mobile (Env Mob), and stable 





6.3.1. Dissolved Fraction of Trace Elements  
 The fraction of trace elements in urban runoff that is of immediate adverse effect 
to the environment is the dissolved fraction because this fraction is readily bioavailable. 
Thus, investigation of the dissolved fraction of the trace elements was carried out in both 
residential and industrial runoff samples. The results suggest that the abundance of 
dissolved concentration was in the order of Fe>Zn>Al for both residential and industrial 
runoffs. However, the concentration in industrial runoff was many folds greater than that 
of residential runoff for most of the elements. The details of elemental concentration 
(mean and range) are shown in Table 6.1. The difference in mean concentrations of the 
trace elements between residential and industrial runoffs ranged from 44% for Ti to more 
than 2 orders of magnitude for Mn. Atmospheric deposition is one of the major pathways 
of trace elements in urban runoff and is mainly influenced by local emissions. As the 
stack emissions as well as vehicular emissions in the industrial area are much higher than 
those of residential area, this pathway (atmospheric deposition) could contribute to the 
increased concentration of trace elements in the industrial site (Sabin et al., 2005). In 
addition, industrial areas are generally manifested by metal intensive activities, and the 
extensive use of metals such as iron and zinc in industries are reflected in elevated 






6.3.2. Particulate Fraction 
6.3.2.1. Total Concentration in Particulates 
 The total concentrations of trace elements in particulate phase were determined by 
acid digestion of the filter paper laden with suspended solids, and are presented in Table 
6.1. It can be seen that the abundance of the elements in residential runoff was in the 
order of Fe>Al>Zn>Ti and ranged between 0.2 µg/L (Co) and 3033 µg/L (Fe), while that 
for industrial runoff was Fe>Zn>Al>Cu and ranged between 0.4 µg/L (Co) and 8768 
µg/L (Fe). The total concentration of elements in particulate phase gives an estimation of 
their potential load, but does not provide the details on toxicity of the metals/metalloid to 
the aquatic systems. Not all the metals in suspended solids possess immediate risk to the 
environment as only a part of the total concentration is bioavailable/labile/mobile and 
potentially toxic in the environment. The total concentration of the trace elements in 
particulate form can be broadly divided into three categories, namely, (a) 
environmentally mobile (acid soluble and bound to carbonates), (b) reducible and bound 
to Mn/Fe oxides, and (c) residual (oxidisable and bound to sulfides) (Smeda and Zymicki, 
2002). Among them, as the name suggests, the environmentally mobile fraction has the 
highest potential to be transferred into dissolved fraction. Thus, this fraction has higher 
potential for adverse effects on the quality of the receiving waters. 
6.3.2.2. Environmentally Mobile Fraction 
 Results (Figures 6.3 and 6.4) indicate that the environmentally mobile fraction 
makes substantial contributions to the total concentration as the concentrations of some of 
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the trace elements in this fraction are equal to or greater than the concentrations in the 
dissolved form.  This fraction of the trace elements is very much likely to get into 
dissolved phase upon abrupt changes in environmental conditions, for example, reduction 
in pH. Thus, the concentration in the dissolved fraction could increase by several folds. In 
residential runoff, the availability of environmentally mobile trace elements is in the 
order of Cr> Ti>Fe>Zn, while in case of industrial site, Zn was the dominant element, 
signifying the excessive use of Zn in various structural elements, batteries and tires 
(Davis et al., 2001). Cr was more abundant after Zn, followed by Cu and Fe. Cr is mostly 
used in stainless steel, chrome plating, dyes, reagents and catalysts. Cu is used in 
electrical wirings, circuit boards, plumbings, etc (Makepeace et al., 1995). Industrial 
activities have these sources in major or minor forms, and therefore there is higher 
release of these metals in the surface runoff from industrial areas. 
6.3.3. Correlation among Trace Elements 
A study of statistical correlation among the trace elements serves dual purposes: 
(1) it can serve as fingerprint of the sources of these elements, and can lead to 
identification of sources through source profile comparison. (2) it can also act as 
fingerprints of the source from which the storm water is collected, which can then be 
used to establish the origin of trace elements in a combined storm water runoff system.  
Correlations among the elements in residential and industrial runoff are generated 
using Pearson’s correlation matrix. For runoff from residential site, two distinct 
correlations could be found, (i) Cd ↔ Co ↔ Pb, and (ii) Fe ↔ Ti suggesting common 
origin of these metals for the respective groups. The details on correlation matrix for 
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runoff from residential site are presented in Table 6.2a. Correlation coefficient for 
industrial runoff suggested strong correlation between Co ↔ Ni and Cd ↔ Pb. Fe and 
Mn also showed significant correlation. In addition Pb ↔ V; Pb ↔ Cd; and Co ↔ Pb 
showed moderately correlated, the details of which are presented in Table 6.2b. These 
multiple correlations in industrial runoff suggest that trace metals in industrial runoff are 
generated from a variety of sources. It was further investigated using principal 





Table 6.2. Correlation coefficient for trace (a) residential runoff, and (b) industrial runoff 
Al Co Cr Cu Fe Mn Pb Zn Cd Ni Ti V As
Al 1.00         
Co (0.04)        1.00         
Cr 0.02         0.40         1.00         
Cu 0.44         0.05         0.04         0.04         
Fe 0.09         0.04         0.51         0.51         1.00         
Mn (0.08)        0.17         (0.03)        (0.03)        (0.19)        1.00         
Pb 0.05         0.91         0.40         0.40         (0.10)        0.15         1.00         
Zn (0.12)        0.11         (0.05)        (0.05)        (0.29)        0.75         0.18         1.00         
Cd (0.06)        0.76         0.15         0.15         (0.16)        0.21         0.77         0.18         1.00         
Ni (0.10)        0.22         0.51         0.51         0.63         0.24         0.08         0.17         0.10         1.00         
Ti 0.13         0.12         0.59         0.59         0.84         (0.17)        0.03         (0.22)        (0.03)        0.59         1.00         
V (0.06)        0.69         0.21         0.21         (0.23)        0.19         0.79         0.30         0.58         0.11         (0.12)        1.00         
As (0.01)        0.48         0.39         0.39         0.09         (0.02)        0.59         0.03         0.35         0.04         0.20         0.50         1.00          
Al Co Cr Cu Fe Mn Pb Zn Cd Ni Ti V As
Al 1.00         
Co 0.41         1.00          
Cr 0.30         0.59          1.00          
Cu (0.18)        (0.42)         (0.24)         1.00          
Fe 0.61         0.52          0.29          (0.29)         1.00          
Mn 0.44         0.64          0.45          (0.42)         0.82          1.00          
Pb 0.14         0.72          0.57          (0.21)         0.03          0.13          1.00          
Zn (0.12)        (0.26)         (0.27)         0.07          (0.08)         (0.12)         (0.42)         1.00         
Cd (0.04)        0.55          0.38          (0.03)         (0.13)         (0.14)         0.90          (0.24)        1.00         
Ni 0.39         0.90          0.54          (0.29)         0.39          0.39          0.77          (0.24)        0.70         1.00         
Ti 0.35         0.27          0.19          0.00          0.21          0.04          0.40          (0.41)        0.32         0.43         1.00         
V 0.10         0.57          0.31          (0.08)         0.09          0.10          0.75          (0.23)        0.74         0.52         0.29         1.00         






6.3.4. Principal Component Analysis  
The data generated after the analysis of thirteen trace elements from numerous 
rain/storm events, and two sites, were reduced using PCA to summarize patterns of 
correlations among observed variables, and to reduce the variables to a smaller number of 
factors. For PCA analysis, the total concentration was chosen as the trace elements could 
partition into either dissolved or particulate phase depending on their environmental 
conditions (Sansalone and Buchberger, 1997). Concentrations of trace elements below 
the detection limit were replaced with values of half the detection limit to facilitate 
statistical analysis. For residential runoff, five principal components were generated, 
which explained 81% of the total variance in the data set (Table 6.3). The first component 
explained 28% of the total variance and has high loadings on Co, Ni and Ti. These metals 
are mainly used in two distinct products, namely; steel and building walls (Makepeace et 
al., 1995) and thus are considered to be the major sources for this component. The second 
component (PC2) explaining 24% of the variance correlates Fe, Mn, V and As suggesting 
crustal source (Balasubramanian and Qian, 2004; Tokalioglu and Kartal, 2006). The third 
component (PC3) suggests atmospheric deposition from industrial emission, mainly 
micro-electrical industry that is scattered in Singapore as it has high loading in Cr and Cd. 
The forth component (PC4) with high loading on Cu and Pb indicates incinerators as the 
potential contributor (Balasubramanian and Qian, 2004). And the final component, PC5 
with high loading on zinc suggests traffic as the probable source (Banerjee, 2003).  
PCA analysis for the industrial runoff samples resulted in four PCs explaining 
75% of total variance (Table 3). The first component explaining the greatest variance of 
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35% suggests industrial activities, mainly petrochemical and semiconductor industries as 
it has high loading on Co, Cr, Ni, V and As (Balasubramanian and Qian, 2004; 
Tokalioglu and Kartal, 2006). The second component has strong loading on Fe and Zn 
signifying the influence of corrosion of zinc plated metal roofing, the use of which was 
abundant in the industrial site. The third component indicates influence of vehicular 
activities as the potential source as it has high loadings on Cu and Pb (Kartal et al., 2006). 
The final component suggests crustal source as it has very high loading on Al and 
moderate loading on Ti (Balasubramanian and Qian, 2004). 





1 2 3 4 5 
Al      
Co .773     
Cr   .596   
Cu    .552  
Fe  .704    
Mn  .669    
Pb    .811  
Zn     .772 
Cd   .869   
Ni .753     
Ti .835     
V  .698    
As  .659    
% of 
Varience 28.1 25.0 11.0 9.3 7.7 
Cumulative 















1 2 3 4 
Al    .928 
Co .755    
Cr .656    
Cu   .830  
Fe  .588   
Mn  .718   
Pb   .447  
Zn  .591   
Cd     
Ni .868    
Ti    .572 
V .917    
As .868    
% of 
Varience 35.4 18.4 13.0 8.1 
Cumulative 
Varience 35.4 53.8 66.8 74.9 
 
6.4. Conclusions 
Concentrations of trace elements in urban runoff from two different land use 
sectors in a tropical country (Singapore) were investigated. The contamination of urban 
runoff with the trace elements was found to vary significantly based on the nature of land 
use. The concentration of various trace elements in runoff from the industrial site was 
found to be much higher than that from the residential site. For total concentration, the 
enrichment of the trace elements was up to 7 times, and for dissolved concentration, it 
was up to 2 orders of magnitude. Thus, it is desirable to pre-treat the polluted stream from 
industrial locations before mixing it with less-polluted streams from other land use 
sectors and/or discharged to natural water course. 
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Some of the elements such as Co, Ni, Ti, V, and Zn exhibited first flush 
phenomena, while other elements did not. Concentrations of most of the metals/metalloid 
were below the discharge limit although some of the elements exceeded the limit 
occasionally, mainly during first flush periods. In terms of total concentration, the 
abundance of the metals was in the order of Fe>Al>Zn>Ti for residential runoff while it 
was Fe>Zn>Al>Cu for industrial runoff. The dissolved fraction of the trace elements that 
are of immediate risk to the aquatic ecosystem was found to be abundant in the order of 
Fe>Zn>Al for both residential and industrial runoff. The environmentally mobile fraction 
of the trace elements in suspended solids can match and in some cases exceed by several 
folds as compared to their concentration in dissolved phase, thus increasing the potential 
risk of the trace elements to the receiving water bodies.  
Statistical correlation analysis and principal component analysis were performed 
to identify possible sources of trace elements in runoff. In residential areas, crustal 
leachout, paints from building walls, and atmospheric deposition were the possible 
sources; while that for industrial runoff were emissions from petrochemical and 




Chapter 7. Elemental Composition of Urban Street Dusts and 
their Dissolution Characteristics in Various Aqueous Media 
7.1. Introduction 
Rapid urbanization and continuous demand of land for infrastructural 
development in urban areas have placed great stress on the local environment. As a 
consequence, there is a decline in the quality of urban environment (Sansalone and 
Buchberger, 1997; Ball et al., 1998; Ordonez et al., 2003; Brown and Peake, 2006). 
Urban streets act as sinks for vehicular emissions (wear of engines, break pads and tyres, 
burning of fossil fuel, etc.), and are also source areas for contaminant transfer (Barrett et 
al., 1998; Murakami et al., 2008). These emissions containing particulate matter are 
released to ambient air, or deposited on the road surfaces in the form of street dusts. 
During rain/storm/street-washing events, the street dust particles laden with contaminants 
are washed off and finally end up in receiving water bodies. 
Among the different contaminants in street dusts, some elements such as Cr, Cu, 
Ni, Pb and Zn are of particular concern due to their prevalence and persistence in the 
environment (Borchardt and Sperling, 1997; Stead-Dexter and Ward, 2004). These trace 
elements are known to have adverse environmental effects on receiving waters due to 
their acute toxicity and carcinogenicity (Sutherland and Tolosa, 2000; Ordonez et al., 
2003; Leung et al., 2008).  
The composition of street dust has been widely studied by many researchers 
around the world (Fergusson and Ryan, 1984; deMiguel et al., 1997; Kim et al., 1998; 
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Wang et al., 1998; Sutherland and Tolosa, 2000; Charlesworth et al., 2003; Ordonez et al., 
2003; Murakami et al., 2007; Tanner et al., 2008; Lu et al., 2009). Most of the studies 
have reported trace element concentrations in street dusts as representative values for 
their respective cities. However, the levels of trace elements in street dusts are not evenly 
distributed throughout urban areas and are influenced by the vehicular load on the street 
and other anthropogenic activities taking place in its vicinity. Street dust collected in 
various sectors of a city have different chemical compositions (Ahmed and Ishiga, 2006; 
Manno et al., 2006; Ahmed et al., 2007; Al-Khashman, 2007a,b). Therefore, they have 
different potential impacts on the quality of receiving water bodies. Furthermore, the 
potential risk of trace elements with respect to their mobility and ecotoxicological 
significance is determined by their solid-solution partitioning rather than the total trace 
element content (Sauve et al., 2000). 
7.2. Experimental 
7.2.1. Sample Collection 
Street dust samples were collected once a week from three distinct land use sites 
(residential, commercial and industrial areas) in Singapore over a period of 6 months 
(May 2007 to October 2007). Dust samples were collected on the same day of the week 
for consistency. The sampling locations are spatially distinct and are shown in Figure 3.3. 
Detailed descriptions of the sampling sites are presented in section 3.2. Conventional 
non-metal broom and pan were used to collect street dust samples. This sampling 
procedure is similar to those used in previous studies reported in the literature (Wang et 
al., 1998; Al-Khashman, 2007a; Tanner et al., 2008; Lu et al., 2009). The efficiency of 
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this sample collection has been reported to be equivalent to that of vacuum cleaning 
(Tanner et al., 2008). Plastic containers were used to collect and store samples. All the 
containers were soaked in 2% HNO3 for 24 h and then rinsed with tap water and DI water 
several times before oven drying at 90oC. The samples were air dried and sieved through 
a stainless steel sieve with mesh size of 355 μm. One composite sample per month was 
obtained by combining equal samples (by mass) from each week of the month, followed 
by thorough mixing. 
7.2.2. Elemental Analysis of Street Dust 
The elements selected in this study represent those that are abundant in rocks (e.g., 
Al, Fe, Ti, Mn etc.) and those assumed to be primarily derived from human activities (Cd, 
Cr, Cu, Pb, Zn etc.) (Church and Scudlark, 1998). The total concentrations of various 
elements in street dusts were determined by digesting the sample with a combination of 
strong acids (HNO3-H2O2-HF) in a microwave digester (Section 3.4.1). Following 
complete digestion of the street dust samples, the extracts were diluted to 50 mL and 
analyzed using ICP-MS. The precision and accuracy of the extraction procedure were 
evaluated using two standard reference materials (SRMs), the details of which are 
presented in Section 3.4.1. 
7.2.3. SEM Analysis 
Scanning electron microscopy (SEM) measurements were performed with a JSM-
5600 LV (JEOL, Tokyo) with an energy dispersive X-ray spectroscopy (EDX) detector. 
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The dried street dust samples were coated with a thin layer of platinum prior to SEM 
analysis. 
7.2.4. Determination of Dissolution Characteristics 
 To evaluate the dissolution characteristics of the elements in street dusts, monthly 
composite samples were used with different solution media, which include DI water, 
local river water and DI water acidified to 0.01 M HNO3 (pH 2). DI Water (18.2MΩ) 
from Maxima Ultra Pure Water system (Elgalabwater, UK) was used for the preparation 
of all reagents and for experiments. The river water, collected locally from Bedok, 
Singapore, was filtered through a 0.45 μm filter to remove suspended solids and 
refrigerated at 4oC. Analytical grade HNO3 (Fluka, France) was used to prepare 0.01 M 
HNO3. To 100 mg of the homogenized sample (monthly composite), 100 mL of various 
solution media was added in a conical flask and shaken for 18 h at 150 rpm and 22 ± 1oC.  
After 18 h, the samples were filtered through a 0.45 µm Teflon filter and analyzed using 
ICP-MS. For kinetic experiments, monthly composites were consolidated into one bulk 
sample from each location. Dissolution kinetics was studied using DI water for which 
100 mg of consolidated sample was added to 100 mL of DI water in sixteen 250 mL 
conical flasks. All the containers were shaken at 150 rpm and 22 ± 1oC. After a pre-
defined time interval (5 min to 16 h), shaker was stopped for a brief moment and one of 




7.3. Results and Discussion 
7.3.1. Characterization of Street Dust 
Street dust samples from residential, commercial and industrial areas were 
analyzed using SEM with EDX assembly (Figure 7.1). It can be clearly seen that majority 
of the particles in the industrial area were much smaller than those in the residential and 
commercial areas, which were most likely due to increased human (industrial and waste 
incinerator emissions) activities in that area. The SEM analysis of the three street dust 
samples showed significantly different morphological structures. Particles from a 
residential area were mostly elongated while those from a commercial area were near 
spherical with an angular surface, both of which were between 200 and 355 µm.  In sharp 
contrast, the particles from an industrial area were much finer than the other two, and 
most particles were smaller than 100 µm. The brighter particles (metals/metalloids) 
(Adachi and Tainosho, 2004), were randomly distributed throughout samples. EDX 
analysis also showed several peaks for corresponding metals/metalloids, confirming their 
presence.  
The total elemental content of street dusts are presented in Figure 7.2. The 
concentration ranged from mg/kg for many elements (e.g. As, Cd, V) to g/kg for others 
(e.g. Al, Fe).  Iron was the most abundant metal in all the three sites, followed by Al, both 
of which are abundant in soil.  Zinc ranked third in abundance for residential and 
commercial areas, but in the industrial area Cu was found to be more abundant than zinc.  
Overall, results revealed that concentrations of metals are strongly dependent on the 






















Figure 7.1. The SEM and EDX analysis of street dusts from residential (a), commercial 

































Figure 7.2. Elemental concentrations in street dust in residential (Res), commercial (Com) 
and industrial (Ind) locations. Mean values plotted with error bars representing minimum 
and maximum concentration 
 
7.3.1.1. Residential Area 
Among the elements analyzed, Al, Cu, Fe, and Zn were observed to be abundant 
in the samples collected from residential area. It was also seen that some of the metals 
showed considerable variations over a period of time. For instance, Fe ranged from 14.2 
g/kg to 33.3 g/kg, with a mean of 23.4 g/kg while Ni ranged from 41.1 to 414.8 mg/kg, 
with a mean of 77.7 mg/kg.  Similarly, the mean concentration of Cu, Pb and Zn were 
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260.8, 57.8 and 649.8 mg/kg respectively. These variations are most likely due to a 
combination of factors, including sudden change in human activities, traffic intensity and 
changes in wet/dry deposition patterns, etc (Al-Khashman, 2007a). The average 
elemental concentrations followed the order of 
Fe>Al>Zn>Cu>Mn>Ti>Ni>Pb>Cr>V>As>Co>Cd. 
7.3.1.2. Commercial Area 
Of the 13 elements examined in street dusts from the commercial area, Al, Fe, Mn, 
and Zn levels were higher than the rest in terms of total concentration. Pb and As showed 
significant temporal variation (49.7% and 37.4% respectively) in the dust samples 
collected during the study period, which likely signifies anthropogenic influences. In 
contrast, Al and V showed the least variation (12.1% and 14.3% respectively) signifying 
their predominant natural origin. Some metals showed unusual temporal variations in 
street dusts. For instance, Co was present within the range of 2.65 mg/kg to 5.5 mg/kg 
except for one sample which had 21.7 mg/kg, which is most likely due to sudden change 
of anthropogenic activities at the site. Even though comparatively lower in concentrations, 
the presence of As and Pb in all the street dust samples was of significant concern, 
mainly due to their toxicity and carcinogenicity. The average elemental concentrations in 
the commercial area followed the order of 
Fe>Al>Mn>Zn>Cu>Ti>Pb>Cr>V>As>Ni>Co>Cd. 
7.3.1.3. Industrial Area 
Samples collected from the industrial area showed elevated concentrations for 
most of the elements. In particular, Fe, Al, Cu, and Zn were very high with average 
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concentrations of 74.5, 8.1, 5.3 and 1.9 g/kg respectively. The high concentrations in the 
industrial area could be mainly attributed to emissions from industries and heavy vehicles. 
Metals such as Cr and Zn showed substantial temporal variations, indicating the influence 
of human activities. On the other hand, Al and V showed little temporal variation, which 
is similar to those seen in the samples from the commercial area, suggesting that they 
were predominantly of natural origin. The average elemental concentrations followed the 
order of Fe>Al>Cu>Zn>Cr>Mn>Ti>Ni>Pb>V>As>Co>Cd. 
7.3.2. Elemental Composition Profiles in Different Land Use Sectors 
To investigate whether the data sets are statistically different, the total 
concentration data sets for each element from the three locations were analyzed using 
single factor ANOVA. For the data set to be statistically different, calculated F values 
should be higher than F-critical and P values should be lower than the error (α). Results 
revealed that all the elements from the three locations were statistically different with the 
confidence of 99%, except for As for which the confidence was 95%. The F-critical value 
for 99% confidence test was 6.359, and calculated F-Value ranged from 8.33 (Mn) to 
92.93 (Ni), and P value ranged from 0.0037 to 3.54E-9. For Arsenic however, the 
confidence level was 95% with F-Critical value of 3.68 and the calculated F-Value was 
3.95, and P value was 0.042.  
In terms of absolute concentrations, the street dust samples collected from the 
industrial area showed elevated concentrations of trace elements compared to those in 
residential and commercial areas. More specifically, Cr, Cu, Fe, Ni, and Zn were more 
abundant in samples from the industrial area and their concentration ranged from 2.95 to 
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42 times higher than the corresponding concentration in street dust samples from 
residential and commercial areas. For instance, the concentration of Cu, which is 
associated with scrap metal industries, diesel engines and wearing of brake pads (Tanner 
et al., 2008), was significantly high (27.8 - 42 times higher) in the industrial area with 
concentration ranging from 3247 to 8042 mg/kg, as compared to the commercial area 
(116.8 – 191.4 mg/kg). Similarly Cr, which is also associated with industrial and 
vehicular sources, was found to be 18.1 and 13.2 times higher than concentrations 
observed in residential and commercial areas, respectively. Manganese, which is mainly 
from soil and moving parts of vehicles, was found to have similar concentration in both 
industrial and commercial areas (481.2 and 403.8 mg/kg respectively), and was slightly 
less in the residential area (243.5 mg/kg); this pattern is correlated with vehicular load in 
the three sectors. These results suggest that vehicular traffic does have a major influence 
on the metal concentrations in all the three sites. This can further be supported by the fact 
that Singapore has a very high vehicle density, which is 258 vehicles per km of road and 
879,022 registered vehicles in 700 km2 (Year Book of Statistics, 2009), but additional 
sources are responsible for higher concentrations in the industrial area. The presence of 
As in all samples from three sites is of great concern, as it has the highest toxicity of all 
the metals/metalloids (IARC, 2006). The concentration of As was similar in industrial 
and commercial areas (range: 18.4 to 42.6 mg/kg) whereas it was slightly lower in street 
dust samples from residential area (range: 14.9 to 21.5 mg/kg).  This spatial variation in 
the concentration of As could be due to variations in anthropogenic inputs from one 
sector to the other. The enriched concentration of metals in the industrial area can also be 
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attributed to their presence in finer particles of street dust as seen in SEM image (Gulson 
et al., 1994; Whicker et al., 1997). 
Currently, there are no guidelines for trace elements in dusts (Leung et al., 2008). 
However, a substantial part of the street dust comes from soil re-mobilization/re-
suspension while some of the street dusts are re-suspended and return to the soil surfaces 
(Charlesworth et al., 2003; Ferreira-Baptista and De Miguel, 2005). Thus, it would be 
appropriate to compare the elemental concentration in street dusts collected from 
different areas to the allowable limits in soil. It was found that many of the metals 
exceeded permissible limit in soil. Among the toxic elements, the average concentrations 
of Cu and Zn found in all the sites exceeded the maximum permissible limit (100 mg-
Cu/kg and 300 mg-Zn/kg respectively) (Fabis, 1987; Sezgin et al., 2003). While the 
possible sources of copper include wearing of machinery parts, and brake pads, elevated 
Zn contents may have originated from wear and tear of vulcanized vehicle tires, and 
corrosion of galvanized automobile parts. Being very toxic and carcinogenic, the finding 
that average concentrations of As in street dust from commercial and industrial areas 
were higher than maximum permissible limit of 20 mg/kg (NEPAC, 1995) is deemed 
alarming. Almost all the samples were found to be very rich with crustal metals i.e., Fe, 
Al and Mn. There is no limit on the concentration for these metals in the soil, but their 
extensive presence in all the sampling sites may be of concern due to their potential 
adverse health effects (Golub et al., 1992). For instance, the concentration of Fe in one of 
the samples from the dust collected in the industrial area constituted over 8% of the total 
mass, which is probably due to excessive use of ferrous materials in industrial areas. 
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Even though Pb has been completely removed from fuel since 1998 in Singapore, 
the average concentrations for Pb in street dust from commercial and industrial areas 
were found to be 1.2 and 2.4 times higher than the maximum permissible limit in the soil, 
which is 100 mg/kg (Fabis, 1987). Compared to the residential and commercial area 
samples, the mean concentrations of Cr, Ni and Cd in the street dust samples in industrial 
area were very high, and were in the order of 7.7, 7.4 and 2.7 times higher than maximum 
permissible limits in the soil (Fabis, 1987). 
7.3.3. Enrichment Factor 
Pollutants in the street dusts are mainly derived from two sources, (i) low 
temperature crustal weathering and/or soil re-mobilization (natural source), and (ii) a 
variety of high temperature anthropogenic sources. The use of the enrichment factor (EF) 
helps to establish the principal sources of trace elements. The EF is used to describe the 
chemical characteristics of street dust by normalizing the measured concentration of trace 
metals to their respective concentration in crust. Aluminum is commonly used as the 
crustal indicator element (Sutherland and Tolosa, 2000; Balasubramanian and Qian, 2004; 
Tanner et al., 2008). The details on EF calculation is presented in section 5.2.3. The usual 
practice of distinguishing anthropogenic origin of elements from that of natural source is 
EF of 10 and above (Lee et al., 1994; Liu et al., 2003; Balasubramanian and Qian, 2004; 
Meza-Figueroa et al., 2007).  
Figure 7.3 shows the details of enrichment factor for the elements in street dust 
from the three land use sectors. It can be seen that most of the elements have 
anthropogenic signal. All the elements except Ti had anthropogenic influence for street 
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dust from all sectors. In the case of street dust from residential area, Co and V were found 
to be of anthropogenic origin while for commercial and industrial areas, they were found 




















Figure 7.3. Enrichment factors of elements in residential, commercial and industrial areas. 
Mean values plotted with error bars representing standard deviation (Mean ± SD) 
 
7.3.4. Comparison with Other Cities 
There are limited studies that have investigated spatial distributions of trace 
elements within a city. An attempt was made to compare the concentrations of metals 
observed in this study with those reported in the literature (Table 7.1). In general, the 
mean concentration values of the metals investigated in this study were lower than those 
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reported in the literature for other countries with an exception of the values reported by 
Madany et al., (1994) and Karlsson and Viklander, (2008). The most important 
observation is that the concentration of Cu measured in the industrial location in this 
study was the highest among the reported values.  The variation in the concentration of 
trace metals in street dusts among the different countries was presumably due to the 
difference in the intensity of human activities, land-use patterns, the frequency of rainfall 
prior to sample collection, and could be in part due to the difference in sampling 
protocols and digestion methods used for the extraction of metals from street dusts. 
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Table 7.1.  Comparison of the distribution of metals in street dusts collected from 
various locations in urban areas 
Metal (mg/kg) Ref Cd Cr Cu Ni Pb Zn 
Singapore (this study)           
 Res  0.71 ± 0.3 85.7 ± 11.4 246.9 ± 53.5 53.1 ± 18.5 68.6 ± 25.9 274.7 ± 55.1 
 Com  0.3 ± 0.1 73.2 ± 40.9 97.7 ± 76.4 10.3 ± 7.7 111.3 ± 15.0 619.7 ± 185.9 
 Ind  2.41 ± 1.0 1245 ± 664 9069 ± 3742 185.6 ± 118.7 338 ± 55.6 1696 ± 446.4 
Amman, Jordan 1       
 Res  3.1 ± 0.8 - 66.5 ± 12.5 43 ± 6.6 210 ± 6.3 166 ± 1.2 
 Com  3.5 ± 0.5 - 123 ± 13.5 67 ± 7.3 321 ± 16.5 221 ± 1.6 
 Ind  6.8 ± 0.1 - 325 ± 52.1 57 ± 8.5 962 ± 17.1 267 ± 9.2 
Aqaba, Jordan 2       
 Res  2.0 ± 0.1 20 ± 2.4 26 ± 4.5 51 ± 5.5 138 ± 6.2 114 ± 4.1 
 Com  2.2 ± 0.3 16 ± 0.4 24 ± 8.2 60 ± 4.3 109 ± 5.2 106 ± 4.7 
 Ind  2.1 ± 0.2 22 ± 6.5 29 ± 1.9 65 ± 2.6 145 ± 5.1 118 ± 3.2 
Dhaka, Bangladesh 3       
 Res  - 100.4 22.2 22.9 34.3 95.9 
 Com  - 107.0 47.0 25.4 75.2 151.7 
 Ind  - 136.1 104.9 35.2 53.3 168.7 
Hangzhou, China 4       
 Res  1.02 ± 0.45 37.7 ± 5.5 49.2 ± 17.5 19.3 ± 6.4 127.6 ± 48.8 220 ± 76.6 
 Com  2.12 ± 0.8 34.2 ± 6.7 206.6 ± 75.1 16.6 ± 2.6 521.6 ± 244.8 344 ± 154.8 
 Ind  3.62 ± 1.59 60.2 ± 18.6 211.6 ± 47.2 28.4 ± 11.0 194 ± 33.1 709 ± 309.4 
Luleå, Sweden        
 Res 5 0.1 ± 0.07 13 ± 3.9 24 ± 13 8.0 ± 2.4 34 ± 24 60 ± 20 
Baoji, NW China 6  - 123.2 ± 43.3 48.8 ± 30 408.4 ± 295.9 715.1 ± 320.1 
Avile´s, Spain a 7 22.3 ± 1.29 41.6 ± 1.09 183 ± 1.24 27.5 ± 1.16 514 ± 1.21 4892 ± 1.42 
Luanda, Angola 8 1.1 ± 0.47 26 ± 4.4 42 ± 15 10 ± 3.3 351 ± 237 317 ± 177 
Kayseri, Turkey 9 2.53 ± 2.49 29 ± 13 36.9 ± 24.3 44.9 ± 35.3 74.8 ± 53.8 112 ± 122 
Bahrain  10 1.5 9.6 - 12.0 742.0 67.0 
Birmingham 11 1.6 - 466.9 41.1 48.0 534.0 
Coventry  11 0.9 - 226.4 129.7 47.0 385.7 
Maximum Limit 12 3.0 100.0 100.0 50.0 100.0 300.0 
a Geometric mean      
Ref:         
1 Al-Khashman (2007a)      
2 Al-Khashman (2007b)      
3 Ahmed et al. (2007)      
4 Zhang and Wang (2009)      
5 Karlsson and Viklander (2008)     
6 Lu et al. (2009)      
7 Ordonez et al. (2003)      
8 Ferreira and Minguel (2005)     
9 Tokahoglu and Kartal (2006)     
10 Madany et al. (1994)      
11 Charlsworth et al. (2003)      




7.3.5. Dissolution Studies 
The results of solubility of metals in street dusts in different aqueous media (DI 
water, river water, and acidified DI water (0.01 M HNO3) are presented in Table 7.2.  In 
all cases, the leached concentrations of elements were generally much lower than the total 
elemental concentrations and showed strong pH dependence. Overall, the leaching of 
trace elements by DI water was very limited for street dust samples from residential and 
commercial areas, while it was significant for samples from industrial area.  The ICP-MS 
analysis of the river water that was used in this study revealed the presence of As (32 
µg/L), Cu (45.4 µg/L), Fe (655 µg/L), Ti (158 µg/L), V (29.5 µg/L) and Zn (23.5 µg/L). 
The background concentrations were subtracted during calculation of the leaching 
experiments.  Significant amounts of Al, Cd, Cu, Fe, Mn, Pb, Ti and Zn were released 
from street dusts when river water was used as the solvent medium. Comparing the extent 
of elemental leaching from street dusts, it was found that river water favored more 
leaching than DI water. It should also be noted that the pH of river water was closer to 
neutral (pH 6.5) than DI water (pH 5.5). This clearly suggests that other constituents of 
river water, e.g., dissolved organic matter, affect the dissolution of trace elements.  Of the 
different solvents tested, acidified DI water (pH 2) resulted in the highest leaching of 
elements from all the different dust samples.  For instance, in industrial dust samples, the 
amount of Zn leached in 0.01 M HNO3 was 2.5 and 7.8 times higher than that in river 
water and DI water, respectively.  These results suggest that there is a high risk of 
leaching of trace elements from the street dusts when the pH of solvent medium is low. 
This is especially of greater concern in Singapore where the rainwater is acidic and has 









Residential Area   Commercial Area   Industrial Area 
DI Water  River Water   0.01M HNO3   DI Water  River Water   0.01M HNO3   DI Water  River Water  0.01M HNO3  
Al 9.98 ± 0.98 18.12 ± 3.52 194.5 ± 13.9  11.3 ± 4 24.67 ± 5.17 231.9 ± 20.7  74.29 ± 3.35 77.67 ± 21.9 294.2 ± 70.4 
As 0.16 ± 0.07 0.88 ± 0.08 1.52 ± 0.13  0.09 ± 0.12 1.59 ± 0.51 1.74 ± 0.48  2.27 ± 0.26 2.38 ± 0.59 3.22 ± 0.24 
Cd 0.01 ± 0.01 0.16 ± 0.03 0.34 ± 0.1  0.02 ± 0.01 0.03 ± 0.02 0.05 ± 0.03  0.02 ± 0.01 0.18 ± 0.1 0.76 ± 0.22 
Co 0.05 ± 0.02 0.3 ± 0.08 1.31 ± 0.63  0.02 ± 0.01 0.11 ± 0.05 0.63 ± 0.1  0.22 ± 0.11 0.36 ± 0.13 0.77 ± 0.77 
Cr 0.58 ± 0.24 1.83 ± 0.88 2.06 ± 0.43  0.5 ± 0.13 0.29 ± 0.12 3.66 ± 0.62  6.35 ± 1.18 3.56 ± 1.09 5.98 ± 0.8 
Cu 8.59 ± 1.02 10.77 ± 1.62 27.06 ± 3.15  8.27 ± 1.64 28.36 ± 2.96 32.81 ± 2.93  29.43 ± 2.03 37.81 ± 9.47 46.62 ± 2.62 
Fe 31.87 ± 30.5 117.5 ± 24.2 403.2 ± 72.4  17.62 ± 5.58 42.52 ± 12.2 280.3 ± 13.3  154.1 ± 27.4 312.2 ± 38.8 1530 ± 128 
Mn 0.99 ± 0.1 4.95 ± 1.37 18.76 ± 2.35  1.86 ± 0.9 5.47 ± 1.79 15.72 ± 1.87  1.87 ± 1.23 19.11 ± 3.72 29.87 ± 3.28 
Ni 0.34 ± 0.13 1.83 ± 0.45 5.87 ± 1.14  0.25 ± 0.08 0.6 ± 0.32 2.3 ± 0.49  4.16 ± 1 4.69 ± 0.54 8.19 ± 3.43 
Pb 0.24 ± 0.22 0.9 ± 0.13 4.65 ± 0.96  2.47 ± 1.19 7.88 ± 1.98 10.64 ± 0.7  0.46 ± 0.18 5.65 ± 0.54 12.69 ± 1.42 
Ti 1.14 ± 0.12 5.9 ± 0.71 15.03 ± 1.74  0.93 ± 1.05 4.17 ± 1.02 7.25 ± 1.23  25.65 ± 11.7 43.1 ± 2.19 86.54 ± 7.52 
V 1.01 ± 0.09 3.66 ± 0.34 4.56 ± 0.58  0.57 ± 0.65 3.9 ± 1.07 1.63 ± 0.46  11.72 ± 1.3 10.56 ± 2.95 13.39 ± 0.7 




7.3.6. Dissolution Kinetics 
The study of dissolution kinetics is significant as it provides valuable insights into 
the time scale associated with leaching of different elements in different media. From the 
kinetic data, it was observed that the dissolution process for most of the trace elements 
was rapid during initial stages, followed by a slow process, which leads to equilibrium of 
the concentration of trace elements in the solution. However, the rate of dissolution 
strongly depends on total elemental concentration in the dust samples. For example, Al 
and Fe being abundant in all dust samples took 18 h for maximum possible leaching. On 
the other hand, metals such as Cd and Pb took less than 30 min for leaching out of street 
dust samples. The dissolution process is usually a first order reaction depending only on 
the surface area of the solid phase because the surface area is the rate determining 
parameter of the concentration of solid phase (Hoffmann et al., 1997).  
The following first order rate equation was used to describe the dissolution 
kinetics, 
)(1 te CCkdt
dC       (7.2) 
where Ce is the equilibrium concentration (mg/L); Ct is the concentration at time t 
(mg/L) and k1 is the rate constant (min-1). The dissolution kinetics data for all trace 
elements were found to follow the first order rate kinetics with the correlation 
coefficients above 0.91 in all the cases. The corresponding rate constants are presented in 
Table 7.3. The values ranged over three orders of magnitude. It was found that Cd had 
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the highest rate constant for the all the three sites and belonged to the same order of 
magnitude, suggesting the most rapid dissolution. For the residential site, rate constants 
for Zn, Pb, Co, V, Cr, Cu and Ni were within the same order of magnitude (moderate 
dissolution) and, Mn, As, Fe, Al and Ti were within the same order of magnitude 
representing slow dissolution. For the commercial site, Cu and Zn belonged to the same 
order of magnitude (moderate dissolution), while the rest belonged to slow dissolution. In 
case of the industrial site, Cd and Zn belonged to the same order of magnitude (fast 
dissolution), whereas Mn, Cu, Co, Ni, Fe, Pb, Cr, As, Ti and V displayed moderate 
dissolution behavior, while Al exhibited the least dissolution. 
 
Table 7.3. Rate constants for the dissolution of different elements from street dusts 
 
Element Rate Constant (min
-1) 
Residential Commercial Industrial 
Al 4.80 × 10-3 2.37×10-3 6.20×10-3 
As 5.30 × 10-3 1.80×10-3 1.24×10-2 
Cd 4.91×10-1 1.97×10-1 2.23×10-1 
Co 4.34×10-2 2.47×10-3 4.50×10-2 
Cr 3.53×10-2 2.90×10-3 1.81×10-2 
Cu 3.30×10-2 8.18×10-2 4.60×10-2 
Fe 4.90×10-3 1.20×10-3 2.17×10-2 
Mn 8.40×10-3 3.04×10-3 5.87×10-2 
Ni 2.53×10-2 4.00×10-3 3.57×10-2 
Pb 4.74×10-2 3.04×10-3 2.09×10-2 
Ti 3.90×10-3 2.10×10-3 1.16×10-2 
V 3.95×10-2 5.90×10-3 1.09×10-2 







The total concentration of 13 trace elements (Al, As, Co, Cd, Cr, Cu, Fe, Mn, Ni, 
Pb, Ti, V, and Zn) in street dusts from three distinct land use sectors (residential, 
commercial and industrial) in Singapore and their solubility in various media were 
studied. In all the sites, street dusts were found to mainly contain Fe, Al, Cu, and Zn. 
Among the studied sites, the industrial area was found to contain higher concentrations of 
most of the trace elements. Enrichment factor calculations suggested that most of the 
elements were significantly influenced by anthropogenic activities.  
Dissolution studies on street dust suggested that the elements are slightly soluble 
under normal conditions (around neutral pH) but increases significantly with the 
reduction in pH. Among the different media used, 0.01 M HNO3 aqueous solution 
resulted in the highest leaching of trace elements from all dust samples. On the other 
hand, due to its complex solution chemistry, the river water enhanced leaching of 
significant amount of several trace elements from dust samples. Our study clearly 
indicates that solution pH and speciation play vital roles in dissolution of metals from 
street dusts. Rain water, which is increasingly becoming acidic in this region, is likely to 
leach out significant amounts of trace elements from the street dust. Thus, street dust 
should be considered as a potential source of trace elements to receiving water bodies and 
appropriate control measures should be considered. 
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Chapter 8. Speciation and Multivariate Statistical Analysis of 
Trace Elements in Urban Street Dust 
8.1. Introduction 
There has been increasing concern regarding the quality of stormwater runoff 
from urban areas because of its potential to contaminate the water bodies with 
anthropogenic pollutants.  A number of studies have reported that the stormwater quality 
is adversely affected by numerous anthropogenic activities, such as, infrastructure 
development, industrial processes, vehicular emissions etc. (Makepeace et al., 1995; Kim 
et al., 1998; Gromaire-Mertz et al., 1999). One of the major sources of pollutants in 
receiving waters is street dust, as the dust on the street accumulates pollutants from a 
multitude of sources including vehicle wear (tyres, body, brake lining, etc.), spillage, and 
engine exhaust in addition of wet/dry atmospheric deposition and wearing of road surface 
(Day et al., 1975; Banerjee, 2003; Ordonez et al, 2003).  The dust is then carried along 
the drains, and finally enters the aquatic system. Trace element pollution caused by street 
dust is particularly of great concern (Harrison et al., 1981; Banerjee, 2003; Al-Khashman, 
2007).  Some of the metals such as Cr, Pb, and Zn found in street dust samples could lead 
to adverse environmental effects on receiving waters due to their acute toxicity and 
carcinogenicity (Purves, 1985; Chatterjee and Banerjee, 1999).  
The adverse effects of trace elements contained in street dusts are dependent on 
their environmental mobility and availability, which in turn is the function of their 
chemical speciation (Banerjee, 2003). However, most of the studies dealing with street 
 160 
 
dusts were focused either on total concentration of metals (Ordonez et al., 2003; Ferreira-
Baptista and De Miguel, 2005; Lu et al., 2009) or their distributions in various size ranges 
(Lau and Stenstorm, 2005; Murakami et al., 2005). Biological toxicity of metals is mainly 
related to their concentration in various physio-chemical forms.  The speciation of trace 
elements in street dusts is therefore important and should be studied in order to 
understand geophysical processes and to assess their potential for remobilization with the 
changes in pH of the aqueous medium. Speciation also helps in determining signature of 
multiple sources (Tack and Verloo, 1995; Hall et al., 1996). A modified sequential 
extraction procedure was used in this study to assess the mobility and potential toxicity of 
trace elements in street dusts. Four fractions of trace elements were investigated: water-
soluble fraction, acid soluble fraction associated with carbonates, reducible fraction 
associated with the oxides and hydroxides of Al, Mn and Fe, and finally, oxidizable 
fraction associated with organic matter or sulfides (residual).  All four fractions were 
subjected to inductively coupled plasma – mass spectrometry (ICP-MS) analysis to 
quantify the presence of 13 elements (aluminum, arsenic, cadmium, chromium, cobalt, 
copper, iron, lead, manganese, nickel, titanium, vanadium and zinc). 
The present study was carried out to (1) determine the concentrations of thirteen 
elements in the street dusts, collected from three different land use sectors in Singapore, 
and to study their spatial/temporal variations; (2) assess their mobility and hence 
bioavailability by solid phase speciation; and (3) do source apportionment based on factor 




8.2. Experimental  
8.2.1. Sample Collection 
Street dust samples were collected on a weekly basis for a period of six months, 
from April to September 2007 from three sampling sites with well-defined land use types. 
Detailed descriptions of the sampling sites are presented in section 3.2. For street dust 
sampling, an area about 5 m2 was swept in order to obtain a sufficiently large sample for 
chemical analysis and to help overcome the problem of localized spatial variations. 
Samples collected from the three sites were allowed to air-dry. The samples were 
then sieved through a 355 µm sieve, and all the fractions passing through the sieve was 
homogenized and used for analysis. The entire size range below 355 µm was chosen 
because finer fractions generally contain higher metal concentrations (Wang et al., 1998; 
Banerjee, 2003; Meza-Figueroa et al., 2007; Han et al., 2008). For this study, weekly 
sample (500 mg) was used for sequential extraction (Smeda and Zyrnicki, 2002) using 
ultra-sonication (Davidson and Delevoye, 2001) and microwave digestion. It was 
preferred not to grind the samples to smaller size in order to maintain original nature and 
surface area of the sample. 
8.2.2. Sequential Extraction Procedure 
A four-step extraction procedure was applied in this study.  Experiments were 
conducted in duplicates, and average concentration values were used for the statistical 
analysis. Ultrasonic extraction and total digestion were used to extract various fractions 
of the trace elements. The fractions are identified as follows: 
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To determine water soluble fraction, 500 mg of street dust samples were mixed 
with 10 ml of deionized water in 15 ml polypropylene tubes. The tubes were then 
subjected to 30 min of ultra-sonication and 40 min of centrifugation at 4000 rpm, after 
which, the supernatant was separated with much care, minimizing the loss of any solid 
residue. Following this step, the supernatant was filtered through a 0.45 µm filter. The 
supernatant was then acidified with 0.1 M HNO3. This supernatant contained the metal 
fraction that is water-soluble. For acid soluble and carbonate-bound fractions, 10 ml of 
0.11 M CH3COOH was added to the remaining solid residue and was subjected to 30 min 
of ultra-sonication and 30 min of centrifugation. The supernatant was separated, filtered 
and acidified.  For the fraction bound to Mn/Fe oxides, 10 ml of 0.1 M NH2OH.HCl at 
pH 2 was added to the remaining solid residue which was later subjected to 30 min each 
of ultra-sonication and centrifugation, followed by separation and filtration of supernatant. 
These fractions were handled in the same way as that of the water-soluble fraction. For 
the residual fraction, the residue was transferred into microwave vessel and 4 ml of 
HNO3, 2 ml of H2O2 and 0.5 ml of HF were added. The sample was digested using 
microwave energy (250 W for 10 min, 400 W for 10 min and 600W for 4 minutes) in the 
microwave digester.  After the digestion, acid droplets on the cap and on the side of the 
vessel were washed down carefully using deionized water. The digested samples were 
then poured into a 50 ml polypropylene tube and topped up with deionized water to make 
a total volume of 50 ml. The solutions were then thoroughly mixed and filtered through a 
0.45 µm filter. All four fractions were stored in a refrigerator at 4°C until ICP-MS 




8.2.3. Analysis of Metals 
All reagents used in this research were of analytical grade. Acetic acid and 
hydroxylamine hydrochloride solutions were prepared using ultrapure water (18.2MΩ) 
from Maxima Ultra Pure Water system (Elgalabwater, UK).  0.1 M HNO3 was used for 
pH adjustments. Working standards were prepared by diluting multi-element standard 
solutions (OC517986, OC285604 and Arsenic Standard Solution) for the calibration of 
ICP-MS. The calibration of ICP-MS and its limit of detection are presented in section 
3.4.3. 
8.2.4. Statistical Analysis 
To evaluate the extent of spatial and temporal variation in the concentration of 
trace elements different statistical analyses were performed on the data collected. The 
coefficient of variance measure was used to establish the extent of fluctuation in each 
metal across different months (within location) and across different locations (for the 
same month). The significance of this variation was tested using ANOVA. Each of the 
trace element was analyzed separately using single factor ANOVA to determine whether 
or not their concentration variations across the locations and across months were 
statistically significant..  
PCA was performed on the mean values of trace elements’ concentrations to 
visualize the spatial and temporal distributions. PCA is a multivariate analysis technique 
widely used in environmental studies to reduce the dimension of the data (Tokahoglu and 
Kartal, 2006; Zhang et al., 2009). PCA extracts eigen values and eigen vectors from the 
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covariance matrix of original variables to produce new orthogonal variables known as 
latent variables (principal components). These components provide the information on 
the major dimensions which contribute highest to the variations of the dataset in a 
multidimensional space. The selected few components can represent the data in a reduced 
dimensional space with a minimum loss of original information (Helena et al., 2000). In 
the present study, PCA was performed on the overall dataset with mean values of trace 
elements’ concentrations at a given location and for a particular month. Hence, the final 
dataset subjected to PCA contains three rows for locations and six columns for months. 
The principal component bi-plot was used to understand the similarity of overall trace 
elements’ distributions for different locations and months. PCA was setup using 
MATLAB (Release 2007a).  
The speciation data were also analyzed separately. The two factor (spatial and 
temporal variation) ANOVA was used to see the combined effect in the total data 
considering speciation data as samples. The significance of distribution across months 
and locations was established for each element. ANOVA was also setup using MATLAB 
statistical toolbox. The correlation analysis was performed on the elemental concentration 
profiles to establish co-existence of trace elements within each speciation factor at 
selected locations. Pearson correlation coefficient was computed between a selected pair 
of element concentration changes across months. The significant correlations were used 
to identify elements with similar distribution.  
Factor analysis (FA) was used to assess the common sources of trace elements. 
FA was implemented using statistical package SPSS 13.0 for WINDOWS (SPSS Inc. 
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Chicago, IL, USA). Ideally, each extracted factor represents a source affecting the 
samples (Olmez et al., 1994). However, due to the complex nature of sources and their 
interactions, sometimes a single factor is known to represent a combination of sources 
(Balasubramanian et al., 2001; Kartal et al., 2006), while other times, multiple factors 
represent a single source (Lin et al., 2002). In the present study the factor analysis was 
performed on the speciation data separately for each location aggregating the monthly 
concentrations for each trace element. The important factors were selected for each 
locations based on the significance of variance contribution by each factor and the total 
percentage variance covered by them. The loadings of each trace element on these factors 
are then used to group the elements coming from common sources of pollutants.   
8.3. Results and Discussion 
8.3.1. Total Concentration 
The results obtained from sequential extraction of weekly street dust samples 
were added together to obtain total concentrations of trace elments for each site, and the 
summary is shown in Table 8.1. Out of the three sites, the street dust collected from the 
industrial area had the highest concentration of most of the trace elements. Among the 
heavy metals, Cr, Mn, Zn, Pb, and Cd were found to be 15, 10, 6, 5 and 3 times higher in 
the industrial area as compared to the residential area, which is consistent with the 
findings reported by other researchers (Kabata-Pendias, 2001; Ahmed et al., 2007; Tume 
et al., 2008). One important observation made in this study is that the average 
concentration of Cr, Cu, and Zn in the industrial area are very high as compared to 
residential and commercial areas.  The reason for these elevated concentrations is most 
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likely due to the presence of scrap metal industry, and the movement of heavy vehicles 
within the industrial area.  
The total concentration data from the three sectors were analyzed using single-
factor ANOVA. Each element was separately tested for its variance across three locations 
using monthly data as multiple observations. Results indicated that all the elements were 
statistically different at the confidence level of 95%. It was found that the F values were 
in the range of 4.25 (Al) to 94.79 (Pb), which are greater than the critical value (Fcrit = 
3.68). The p values were less than 0.05 for all the elements. Temporal variation was 
tested for each element using single factor ANOVA on dataset with months as variables 
and weekly observations as samples. This analysis was done within each site. The 
analysis produced negative results with F < Fcrit, and p > 0.05, suggesting that the 
temporal variations of the total concentrations of trace elements for all the three sectors 
were not significant.  
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Residential Area  Commercial Area  Industrial Area 
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The combined dataset as shown in Table 8.1 is also subjected to PCA analysis to 
visualize the spatial and temporal variations of the entire dataset. Figure 8.1 shows the 3-
dimensional biplot generated using metal aggregate data with locations as rows and 
months as columns. The biplot positions the rows and columns of the original datasets as 
points in a principal component space. The distance between these points can be used as 
an indication of proximity between the respective row and column variables, in this case 
the locations and the months. Hence the figure highlights the overall spatial and temporal 
effect. As can be seen from the figure the three locations are distinctly separated over the 
three significant PCA dimensions (covering over 90% total variance in the data, whereas, 
the six monthly points are aligned closely around the first component only (defining only 
62% variance). This indicates less significant temporal variation of overall elemental 
concentrations. The results obtained by ANOVA analysis are concisely visualized and 





Figure 8.1. Biplot showing spatial and temporal distribution of elemental 
profiles. Components are generated using PCA analysis on elemental 
concentration (average of 13 elements) data for three locations (shown as stars) 






























8.3.2. Speciation of Metals 
The relative distributions of the trace elements in street dust according to different 
fractions are shown in Figure 8.2. The water soluble fraction (WS) ranged from 0.1 to 
6.0% of the total concentration of metals while the acid soluble fraction (AS) ranged 
from 0.6 to 21.4%. The sum of WS and AS gives the potential environmental mobility of 
trace element. Cd and Zn were identified as potentially bioavailable metals in all the three 
sectors. In the case of residential street dusts, the combination of WS and AS was highest 
for Cd (22.1%), followed by Zn (15.8%) while in case of street dusts from commercial 
and industrial areas, Zn was highest with 22.3% and 18.2%, respectively.  These findings 
are in agreement with Banerjee (2003), who reported similar results in street dusts 
collected in Delhi, India.  The remaining metals were mainly present in the residual 
fraction. These observations are also in agreement with those made by Smeda and 
Zyrnicki, (2002) who reported that the residual fraction of metals was in the range of 
68% to 87%.  
Single factor ANOVA of speciation data for temporal variation in each location 
suggested that none of the elements for water soluble fraction from industrial area, and 
acid soluble fraction from commercial area was significantly different. Cr in residential 
area was the only metal that was statistically different in three out of four fractions, while, 
















































































































Figure 8.2. Speciation of metals in residential, commercial and industrial areas in Singapore. WS = Water Soluble Fraction; AS = 





The complete dataset of the speciation study was also tested using a two-factor 
ANOVA to investigate the spatial, temporal, and combined variations. The monthly 
concentrations along with their speciation values were pooled for each element to obtain 
a data matrix with months as column variables (temporal factor) and locations as rows 
(spatial factor) using speciation data as replicate observations. The row-column 
interaction term was also modeled during ANOVA as combined effect. The summary of 
results (mean squared error and the corresponding p Values) is presented in Table 8.2. 
The error term indicates the extent of variation across the group mean while the p value 
establishes the significance of this error. If the value p is greater than a limit, then the null 
hypothesis that the means of the variables contributing to a factor (row or column) are 
statistically the same cannot be rejected. From the results it can seen that the temporal 
variation of the metals was not significantly different. All the p values are much above 
0.05 (95% confidence level). On the other hand, 10 out of 13 trace elements showed that 
there was significant spatial variation at p level of 0.2 (80% confidence level). No 
element showed significant difference in concentration levels both across space and time 
(combined effect). This means that the variation in elemental concentration across the 
locations is not influenced significantly by the time factor. In other words, the location to 
location difference is consistent over different months. These observations are in 






Table 8.2. Summary of two factor ANOVA analysis (mean squared error (P Values)) for 
various metals observed in the street dust from three land use sectors over six months. 
Trace 
Elements 
Temporal Spatial Combined 
Al 1.16E+8 (0.772) 1.67E+8 (0.173) 2.25E+8 (0.890) 
As 33.55 (0.986) 50.25 (0.624) 30.48 (1.000) 
Cd 0.45 (0.944) 3.53 (0.013) 0.94 (0.989) 
Co 12.02 (0.943) 44.93 (0.116) 18.32 (0.997) 
Cr 189000 (0.941) 1320000 (0.019) 388000 (0.989) 
Cu 6.43E+8 (0.513) 5.50E+8 (0.169) 1.28E+9 (0.576) 
Fe 8.51E+8 (0.730) 9.05E+8 (0.235) 6.14E+8 (0.995) 
Mn 111000 (0.661) 161000 (0.104) 140000 (0.935) 
Ni 7340 (0.849) 23100 (0.052) 11400 (0.976) 
Pb 1760 (0.999) 57100 (0.058) 3090 (1.000) 
Ti 159000 (0.952) 706000 (0.095) 198000 (0.999) 
V 82.76 (0.990) 386.15 (0.295) 147.8 (1.000) 










8.3.3. Pearson Correlation 
Statistical analysis of the concentration data was carried out using Pearson 
Correlation, at the confidence level of 95%. All fractions of dusts collected at the three 
sites were analyzed independently for their respective correlations. 
The results indicate that for the water soluble fraction of street dust from the 
residential area, Fe was highly correlated with Ti (Fe↔Ti) (0.93) and, Cd↔Pb (0.92). 
For acid soluble and carbonate bound fractions, Mn↔Zn (0.92). For the reducible 
fraction of street dusts from the residential area, there were three highly correlated sets: 
Al↔Pb (0.95), As↔V (0.94), and Mn↔Zn (0.92).  For the residual fraction, Al↔Mn 
(0.96), suggesting predominant natural origin in this fraction. Similar strong statistical 
correlations are also reported in other studies suggesting common origin of the elements 
(Banerjee, 2003; Kartal et al., 2006).  
For street dusts from the commercial area, As, Pb and Ti were highly correlated 
for the water soluble fraction (0.94). Fe↔Pb (0.92) and As↔Cr (0.90) were strongly 
correlated as well, which probably implies multiple source for this fraction.  For the acid 
soluble fraction, Cr↔Pb (0.90).  While for the reducible fraction, Cd and Ni were well 
correlated with the correlation coefficient of 0.87 and for the residual fraction, the highest 
correlation was observed between Cu and Fe with the correlation coefficient of 0.99.  
These high correlations among the metals suggest that these metals were most likely 
derived from common origin.   
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The water soluble fraction of street dusts collected from the industrial area had the 
highest correlation between Fe and Mn (0.94) followed by Al↔Mn, and Cd↔Fe, both 
with a correlation coefficient of 0.93.  The acid soluble fraction had the highest 
correlation of 0.90 between Ti and V. The residual fraction of street dusts from the 
industrial area showed strong correlations between As↔V (0.92), and As↔Ni (0.86), 
followed by Ni↔V (0.86). This observation suggests that V, Ni, Ti and As were mainly 
derived from common source, which is most likely industrial activities (Tokalioglu and 
Kartal, 2006). 
8.3.4. Factor Analysis for Source Identification 
Factor analysis (FA) was used to assist in the identification of sources of the 
elements under investigation. FA was carried out independently for the three sectors 
using total concentration data. Different numbers of important factors were selected for 
each sector based on the total variance captured. A summary of results obtained is 
presented in Table 8.3 and the higher loadings on each factor are marked in bold. 
Four factors were identified for the residential street dust.  These four factors 
together accounted for 79.7% of the total variance. The first factor explained 40.5% of 
the total variance and had high loading on As, Co, Fe, and V. Co, Fe and V are the 
markers of oil combustion (Song et al., 2001; Balasubramanian and Qian, 2004). The 
most likely source of these trace elements in the residential area is cooking (See and 
Balasubramanian, 2008). Singapore, which is also known as food paradise, has a wide 
range of food courts with food stalls involved in different styles of cooking such as stir-
frying and deep frying (See et al., 2006), and oil-based cooking is quite common. The 
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most probable source of As is the application of insecticides (Makepeace et al., 1995). 
Singapore has had a history of outbreak of infectious diseases such as Dengue. In order to 
curtail such diseases, insecticides are applied to roadside vegetation and soils.  However, 
as the total concentration of As in street dust is below the maximum permissible limit of 
20 mg/kg (NEPAC, 1995), the measures taken to contain insects with the minimum use 
of insecticides seem satisfactory. The second factor explained 22.9% of the total variance 
and had high loadings on Al, Mn and Zn. Al, and Mn are attributed to remobilization of 
soil derived particles in the vicinity of roads due to intense vehicular activities (Ruellan 
and Cachier, 2001; Kartal et al., 2006), while Zn is attributed to the vehicular activities 
themselves (Kartal et al., 2006; Hashimoto et al., 1992; Adachi and Tainosho, 2004). The 
third factor had high loading on Cr, and the fallout of paint flakes are thought to be the 
potential source of this element (Madney et al., 1994). The last factor for street dusts 
from the residential area had high loadings on Cd and Cu. This a minor contributor to the 
total loading of street dusts in the residential area. These two elements were likely 
derived from local waste incinerators and/or industrial emissions, located upwind of the 
sampling site, through medium-range transport (Tokalioglu and Kartal, 2006). 
For commercial area, four main factors were generated, which accounted for 
85.9% of the total variance. The first factor explained 43.8% of the variance and had high 
loadings on Cr, Cu, Fe and V, which are the known markers of metal corrosion (Kartal et 
al., 2006). The second factor had high loadings on Al, Pb, and Zn. Leaded gasoline was 
phased out in Singapore as of 1998. Therefore, there is no direct release of Pb-containing 
particles from vehicular activities. However, the earlier use of leaded gasoline has 
resulted in enriched concentration of Pb in roadside soil (Ozkan et al., 2005). Therefore, 
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Al and Pb are attributed to remobilization of soil-derived particles in the vicinity of road 
due to intense vehicular activities (Ruellan and Cachier, 2001; Kartal et al., 2006), while 
Zn is again attributed to the vehicular activities (Kartal et al., 2006; Hashimoto et al., 
1992; Adachi and Tainosho, 2004). The third factor with 14% of the total variance had 
high loadings on Cd and Ti which most likely originated from local micro electronics 
industries (Balasubramanian and Qian, 2004; Beer and Heumann, 1993). The forth factor 
has As, is probably related to the use of insecticide (Makepeace et al., 1995), which is 
occasionally sprayed on the roadside plantation. 
The concentration data from the industrial area generated three main factors and 
could explain 82.3% of the variance.  The first factor explained 45% for the variance with 
high loadings on As, Co, Ni, Ti and V, which are related to industry activities 
(Makepeace et al., 1995; Tokalioglu and Kartal, 2006). The second factor appears to be 
related to the vehicular activities as it has high loadings on Cr, Cu, Mn, and Zn 
(Balasubramanian and Qian, 2004; Kartal, 2006).  The third factor has weak loadings for 
most of the elements, a moderate loading on Cd, and negative loading on Fe and Pb 
suggesting long distance transportation of airborne emissions (Banerjee, 2003).  
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 Residential Area  Commercial Area   Industrial Area 
1 2 3 4  1 2 3 4   1 2 3 
Al -0.368 0.878 0.177 -0.104  -0.501 0.688 -0.451 0.025  -0.562 0.676 -0.024 
As 0.848 0.079 -0.352 -0.025  0.430 -0.052 -0.145 0.768  0.899 0.161 0.295 
Cd -0.226 0.536 -0.196 0.651  0.259 0.415 0.860 0.050  0.543 -0.198 0.562 
Co 0.883 0.199 -0.179 0.053  0.601 -0.274 0.274 -0.444  0.880 0.120 -0.254 
Cr 0.348 -0.450 0.647 -0.209  0.863 -0.379 0.033 0.005  -0.052 0.861 0.117 
Cu 0.404 -0.291 0.442 0.653  0.947 0.049 -0.088 -0.126  -0.475 0.755 0.279 
Fe 0.947 0.044 -0.105 -0.104  0.938 0.075 -0.211 -0.097  0.698 0.205 -0.567 
Mn -0.254 0.873 0.172 -0.131  0.649 0.583 0.237 0.116  -0.476 0.800 -0.089 
Ni 0.789 0.124 0.051 0.149  0.665 0.034 -0.055 0.457  0.953 0.167 -0.024 
Pb 0.747 0.342 0.311 -0.151  0.401 0.712 0.033 -0.298  0.272 0.579 -0.458 
Ti 0.600 0.329 0.232 0.108  -0.587 0.428 0.635 0.208  0.919 0.136 0.078 
V 0.888 0.136 -0.214 -0.129  0.912 -0.057 0.119 0.036  0.901 0.220 0.148 
Zn -0.021 0.747 0.170 -0.048  0.333 0.752 -0.494 -0.083  0.289 0.828 0.257 
% of 
Variance 40.482 22.875 8.518 7.783  43.816 19.032 13.949 9.069  45.047 28.041 9.178 
Cumulative  
% 
40.482 63.356 71.874 79.657  43.816 62.849 76.798 85.866   45.047 73.088 82.266 




Street dusts collected from three sampling sites (residential, commercial and 
industrial areas) in Singapore were analyzed in four fractions for thirteen elements.  
Crustal metals (Al and Fe) were found to be most abundant in all the three sites.  Most of 
the elements in street dusts collected from the industrial area were found to be much 
higher in concentration as compared to those in the residential and commercial areas.  In 
particular, the high concentrations of Cu, Cr and Zn in street dust from industrial area are 
of concern as they are more environmentally mobile than other metals and can thus lead 
to serious environmental hazards.  
The statistical analysis of the concentration data provided several insights into 
both spatial and temporal distributions of trace elements. ANOVA analysis and biplot of 
principal components suggested that the elemental concentration for the three sectors 
were significantly different, but temporal variation in each sector was not significant. 
Pearson correlation and factor analysis suggested several possible sources of trace 
elements determined in street dusts collected in each of the sites.  Four factors were 
generated for residential and commercial sites, and three factors were generated for 
industrial site. First factors explaining the highest percentage of variation in the data set 
suggested crustal leachout, metallurgical processes and industrial activities to be the most 




The highest percentage of metals was found in the residual fraction, which 
implies that there is high probability that the majority of the trace elements would finally 
end up in the sediments that are likely to be settled at the bottom of water bodies. 
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Chapter 9. Removal of Trace Elements from Stormwater 
Runoff by Low Cost Adsorbents: Batch and Column Studies 
9.1. Introduction 
Among the various non-point sources, stormwater runoff from urban areas has 
been recognized as a major contributor to a variety of water pollution problems in 
receiving bodies of water (NSW-EPA, 1998). Urban stormwater runoff contains 
pollutants which can impact the quality of surface, seepage, and ground waters. Heavy 
metals are generally regarded as hazardous due to their non-biodegradability (Sansalone 
and Buchberger, 1997; Asaf et al., 2004).  
The presence of trace elements and their concentration are strongly site-specific. 
The concentrations of trace elements in various sectors of urban runoff in Singapore have 
been found to be in the following range: aluminum (0.02-0.46 mg/L), arsenic (0.0004-
0.007 mg/L), cadmium (0.0001-0.003 mg/L), cobalt (0.0001-0.04 mg/L), copper (0.002-
0.154 mg/L), lead (0.001-0.069 mg/L), manganese (0.003-0.189 mg/L), nickel (0.001-
0.014 mg/L), and zinc (0.006-1.27 mg/L). Studies conducted in Ashdod, Israel (Asaf et 
aI., 2004) showed that the trace metal concentrations in storm water runoff were in the 
following range: manganese (0.001–0.516 mg/L), zinc (0.008–0.720 mg/L), copper 
(0.001–0.079 mg/L), and lead (0.003–0.010  g/L). In a review study, Makepeace et al., 
1995 summarized the concentrations of heavy metals in urban runoff in the following 
concentration range: zinc (0.0007–22.0 mg/L), copper (0.00006–1.41mg/L), and lead 
(0.00057–26.0 mg/L). Based on abundance of heavy metals, stormwater runoff is 
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considered toxic and unacceptable for discharge into receiving surface waters without 
some kind of treatment (USEPA, 1983).  
The lower concentration of trace elements in urban runoff, as compared to that in 
the industrial wastewater, demands a different approach in the efforts to decontaminate 
urban runoff. Treatment processes that are suitable at high concentrations are often either 
ineffective, or cost prohibitive when applied to dilute wastes with heavy metal 
concentrations of less than 100 mg/L (Volesky, 1990). To reduce the heavy metal 
concentrations in stormwater to acceptable limits, simple and cost-effective treatment 
techniques are necessary. Several conventional techniques such as electro-dialysis, 
precipitation, and reverse osmosis could be applied to treat storm water runoff. However, 
most of these techniques either strongly depend on concentrations of pollutants, or lack 
practical applications because of economic constraints for their application in urban 
runoff treatment. Biosorption has been reported to be as an efficient technique for the 
remediation of inorganic pollutants, with many biosorbents showing excellent binding 
ability towards a variety of heavy metal ions (Vijayaraghavan and Yun, 2008; Volesky 
and Holan, 1995).  
Biosorption (passive uptake) is a popular technique that utilizes inactive/dead 
biological materials for the removal of heavy metals (Kapoor et al., 1999). Biosorbents 
represent cheap filter materials with high affinity and uptake capacity, and are readily 
available in most places. The uptake of heavy metal ions can take place by entrapment in 
the cellular structure and the subsequent sorption onto the binding sites present in the 
cellular structure. The biosorption capacity of any given group of biosorbents depends on 
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several factors including the number of sites on the biosorbent material, its accessibility, 
and the affinity between sites and metals (i.e. binding strength) (Vieira and Volesky, 
2000).  It has been reported that the biomass of brown algae of the Sargassum genus 
possesses a metal binding capacity superior to other organic and inorganic sorbents 
(Holan and volesky, 1995). 
However, most of the published results used synthetic metal solutions to explore 
the binding ability of biosorbents. The application of biosorption techniques to urban 
runoff is seldom reported in the literature (Liu et al., 2005). In particular, there has been 
no report on studying the feasibility of using biosorbents to treat urban runoff, which 
comprises very low to moderate metal ion concentrations. 
9.1. Experimental 
9.2.1. Sorbents 
Five biosorbents (sawdust, peat, bagasse, crab shell and Sargassum sp.) and two 
commercial sorbents Amberlite (Amberlite XAD7, Sigma), chitosan (from crab shells, 
Practical grade, Aldrich) were used in the present study. Peat (≤150 µm) was collected 
from Sungai Sembilan peat deposit, a sub province, 200 km away from city of Dumai in 
Sumatra, Indonesia. On the other hand, sawdust (0.5 - 1 mm) and bagasse (0.5 - 1 mm) 
were collected locally. Waste shells of Portunus sanguinolentus were collected from the 
local markets in Singapore and were washed, sun dried and crushed to a particle size in 
the range of 0.5 - 1 mm. The shell particles were then treated with 0.l M HCI for 4 h 
followed by washing several times with deionized water and then dried in an oven at 
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60°C overnight. Fresh biomass of Sargassum sp. was collected from the beaches of 
Labrador Park in Singapore. The biomass was extensively washed with deionized water 
and sun-dried. The dried biomass was then grounded to a particle size in the range of 0.5 
- 1 mm. 
9.2.2. Stormwater Runoff 
The composition of stormwater runoff was simulated by adding different metals 
at different concentrations in real rain water. The simulated stormwater runoff (Walker et 
al., 1999; Asaf et al., 2004) consisted of the following metals in mg/L: 52.4 ± 1.63 (Na), 
51.2 ± 0.99 (K), 48.2 ± 0.99 (Ca), 51.7 ± 1.77 (Mg), 20.6 ± 0.07 (Mn), 4.96 ± 0.12 (Co), 
4.85 ± 0.03 (Ni), 5.14 ± 0.13 (Cu), 4.39 ± 0.38 (Zn), 3.22 ± 0.13 (Cd) and 1.01 ± 0.01 
(Pb). The pH of rain water and that of simulated stormwater runoff were found to be 4.7 
± 0.2 and 4.9 ± 0.1, respectively. 
9.2.3. Batch Experiments 
For screening the sorbents based on their metal removal potential, 200 mg of each 
of the sorbent was contacted with 100 mL of stormwater runoff in 250 mL Erlenmeyer 
flasks. The reaction mixture was agitated in a rotary shaker at 160 rpm and 22 ± 10C. 
After 60 min, the reaction mixture was filtered through a 0.45 μm PTFE membrane filter. 
Each filtrate was acidified and analyzed for aqueous metal content by ICP-AES (Perkin 
Elmer Optima 3000 DV). For kinetic experiments, samples were withdrawn at fixed time 
intervals and analyzed for different metal ion concentration in ICP-AES. For desorption 
experiments, the metal-loaded sorbent which was previously exposed to 100 mL of 
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stormwater runoff was separated from the solution by filtration.  The sorbent was then 
brought into contact with 100 mL of deionized water or 0.01 M HCl or 0.1 M HCl for 60 
min on a rotary shaker at 160 rpm.  The remaining procedure was the same as previously 
explained. 
9.2.4. SEM Analysis 
To determine the major mechanism responsible for metal removal, the metal-
loaded sorbents were dried, coated with a thin layer of platinum, and analyzed by 
scanning electron microscopy (SEM) equipped with energy dispersive X-ray analysis 
(JEOL, JSM-5600 LV). 
9.2.5. Continuous Flow Experiments 
A glass column with an I.D. of 2.4 cm and a height of 35 cm was employed to 
perform the continuous-flow experiments. The column was initially packed with 71.2 g 
of crab shell particles for a bed height of 25 cm. The simulated stormwater runoff was fed 
into the column using a peristaltic pump at a flow rate of 10 mL/min. Effluent samples 
were collected at the exit of the column at different time intervals, and then analyzed for 
their metal concentration concentrations. 
9.3. Results and Discussion 
9.3.1. Screening of Different Sorbents 
Initial experiments were conducted with five different biosorbents and two 
commercial sorbents for metal removal from stormwater runoff (Figure 9.1). The 
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sorbents demonstrated different removal efficiency for each metal ion with crab shell and 
Sargassum being able to biosorb most of the metal ions. The commercial ion-exchange 
resin, Amberlite XAD7, did not sorb any of the metal ions examined while the remaining 
sorbents were able to sorb only a limited number of metal ions.  In the case of chitosan, it 
performed well for some metal ions such as Mn, Cu and Pb.  However, it showed very 
little potential to decrease the concentrations of light metal ions. Other low-cost sorbents 
such as bagasse, peat and sawdust showed only modest adsorption capacity towards most 
of the metal ions. Conversely, the marine algae Sargassum performed reasonably well in 
the biosorption of heavy metal ions, and exhibited more than 90% removal towards Cu 
and Pb. The seafood industry waste, crab shell, displayed a superior performance in 
heavy metal biosorption, with more than 93% removal efficiency for all heavy metal ions.  
However, it is worth noting that the concentrations of most of the light metal ions in the 
final effluent were greater than the inlet stormwater runoff for most of the examined 
sorbents.  This is because most of the sorbents were previously loaded or comprise light 
metal ions onto their surface, which when contacted with runoff were released into the 
solution.  For instance, the marine algae acquires Na, K, Ca and Mg from seawater, 
which when contacted with metal solution exchanges these light metal ions with heavy 
metal ions from solution due to ion-exchange mechanism. Based on the experimental 










































Figure 9.1. Comparison of the % metal removed from urban stormwater runoff using different sorbents (pH = 4.9±0.1; temperature = 
22±10C; agitation rate = 160 rpm) 
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9.3.2. Sorption Mechanism of Crab Shell 
Initially, the surface of crab shell and its constituents were analyzed using 
SEM/EDX (Figure 9.2).  The SEM micrograph revealed that the surface of crab shells 
was not smooth and contained lumps of calcium salts (Figure 9.2a).  In EDX analysis, 
strong Ca peaks were observed, which implied that shell particles contained calcium 
carbonate. The peaks corresponding to carbon, nitrogen, sulfur, oxygen, and phosphorous 
were recorded in the EDX spectrum.  These elements were present in the crab shell as the 
main constituents of chitin and protein. The presence of calcium carbonate in crab shells 
is mainly responsible for their excellent metal removal efficiency (Lee et al., 1998; 
Vijayaraghavan et al, 2009). Calcium carbonate dissociates into calcium and carbonate 
ions, depending on the solution pH, which in turn leads to the formation of metal 
carbonate precipitates upon contact with metal ions in solutions.  It should be noted that 
the solubility of CaCO3 may vary with the solution pH.  The speciation of carbonate ions 
can be defined in three pH ranges, viz. pH < 6.3, 6.3 < pH < 10.3, and 10.3 > pK2, which 
in turn correspond to H2CO3, HCO3- and CO32-, respectively (Morris et al., 1997).  
Among these species, HCO3- and CO32- could be responsible for the formation of 
insoluble metal carbonates.  It should be noted that the initial pH 4.9 ± 0.1 increased to 
9.2 ± 0.2 within 15 min of contact.  This increase in pH was presumably due to 
dissolution of carbonate species from calcium carbonate in crab shells (Lee et al., 1997).  
The SEM observation confirmed that after biosorption, considerable changes in the 
surface morphology of crab shells were apparent. Surface protuberances decreased and a 
thin layer of deposition was observed (Figure 9.2b).  EDX analysis (Figure 9.2b) revealed 
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the presence of all the examined metal ions along with all other components identified in 














Figure 9.2. SEM pictures and EDX spectra of crab shell (a) and metals-loaded 
crab shell (b) 
 
The availability of metals was strongly controlled by their solution speciation, 
which was in turn influenced by the solution pH.  Pb(II) exists as Pb2+ and PbOH+ at pH 
≤ 6, beyond which Pb(OH)2 tends to dominate (Morris et al., 1997).  In the case of Cd(II), 
it exists as Cd2+ up to pH ~8.0, after which CdOH+ and Cd(OH)2 start to form (Srivastava 
et al., 2004).  On the other hand, Zn(II) is present mainly as Zn2+ at pH < 7; and at pH 8 – 





1997).  The dominating Ni-species is Ni2+ until about pH 9.5, followed by the hydroxide 
species Ni(OH)2 and Ni(OH)3- at higher pH (Cooper, 1996).  Cu(II) speciation is 
dominated by free Cu2+, and increasingly by carbonate and hydroxyl complexes as pH 
rises above 6.5 (Lal, 2006).  Cobalt and manganese are mainly present as Co2+ and Mn2+ 
in acidic conditions (Comelis, et al., 2005).  As the pH of simulated urban runoff was 
around 4.9 ± 0.1, all of the heavy metal ions were in divalent form.  Even in real runoff 
from different sectors of urban areas, pH ranges from 4.8 (for roof runoff) to 7.0 (for 
runoff from residential areas) (Section 4.3.2), most of the metals would be in divalent 
forms. 
Thus, the removal mechanism could be attributed to be micro-precipitation of 
metal ions onto the surface of crab shell particles. The presence of chitin in crab shells 
favors adsorption of metal microprecipitates. In particular, the -NHCOCH3 group of 
chitin plays a significant role in the binding of metal precipitates (Lee et al., 1997; Lee et 
al., 1998).  Thus, the mechanism of metal removal by crab shells is proposed to be as 
follows: 
  23223 )()( COCachitinCrabshellOHchitinCaCOCrabshell   (9.1) 





sMCOCOM          (9.3) 
solidchitinCrabshellchitinCrabshellMCO s  )()()(3    (9.4) 
Crab shells showed varied affinities towards different metal ions.  In general, the 
removal efficiency towards light metal ions was lower compared to that of heavy metal 
ions. It should also be noted that a major leaching of calcium and magnesium was 
observed during crab shell biosorption. This observation directly supports our finding that 
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dissolution of calcium carbonate to Ca2+ and CO32- was responsible for metal removal by 
crab shells.  For the heavy metal ions examined, crab shells performed very well with 
removal efficiencies greater than 93%. Since the initial concentration of each metal ion 
was different in runoff, no effort was made to compare the selectivity of crab shells 
towards each metal ion. In previous research efforts, crab shells were identified as an 
excellent biosorbent for copper, cobalt, nickel, lead, zinc and chromium (Vijayaraghavan 
and Yun, 2008).  However, it should be noted that crab shells excelled only at very high 
metal concentrations and single-solute systems. In this study, we have identified the 
potential of crab shell in the remediation of dilute- and multi-metal systems for the first 
time. 
9.3.3. Kinetic Studies 
 Kinetic experiments were conducted to examine the rate of metal removal and the 
extent of competition between metal ions. The rate of heavy metal removal by crab shells 
was very fast and equilibrium was attained within 12 min (Figure 9.3a).  The 
concentrations of calcium and magnesium ions increased with time (Figure 9.3b).  This 
observation directly explains that heavy metal uptake by crab shells was directly 
associated with leaching of Ca and Mg ions from crab shells.  Interestingly, crab shells 
exhibited a general trend for all heavy metal ions in that the metal uptake was a rapid and 
linear process in the first few minutes followed by equilibrium attainment, indicating that 
there was no competitive sorption among metal ions.  The reason for the lack of 
competitive sorption among metal ions can be attributed to the metal content of 
stormwater runoff and the biosorption potential of crab shells. The very fast sorption 
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kinetics observed with the crab shell serves as an advantage when stormwater treatment 






























































Figure 9.3. Concentration-time profile during biosorption of heavy metals (a) and light 







 The attractiveness of the sorption process is enhanced when the possibility of 
recovery of adsorbed solutes and thereby reuse of sorbents exists. Desorption was 
attempted using deionized water, 0.01 M HCl and 0.1 M HCl at a solid to liquid ratio of 2 
g/L. Results revealed that deionized water and 0.01 M HCl were not able to desorb metal 
ions from crab shell. This clearly indicates that sorbed ions were strongly held onto crab 
shell and thus resistant to washing with water or even mild acidic solutions. However, 0.1 
M HCl was very effective in desorption with elution efficiencies of 96.4, 97.0, 98.4, 98.9, 
99.1, 99.6 and 99.6% in the case of Cu, Pb, Zn, Co, Cd, Mn and Ni, respectively.  For 
light metal ions, the elutant leached further Ca and Mg from crab shell particles whereas 
Na and K concentrations remained constant. In order to analyze the stability of crab shell 
after sorption-desorption cycle, weight of shell particles was measured. The weight loss 
was found to be 17%.  It is known that the mineral constituents of crab shell tend to 
dissolve under strong acidic conditions (Vijayaraghavan et al., 2005).  The main 
constituents of crab shell, calcium and magnesium, leached during both sorption (Figure 
9.3b) and desorption resulted in this significant weight loss. 
9.3.5. Packed Column 
 For continuous treatment of stormwater runoff, a column packed with crab shell 
was employed. Table 9.1 summarizes the metal uptake and % metal removal obtained for 
different metal ions in stormwater runoff. In practical applications, operation of 
biosorption column has to be stopped before the metal ion concentration in the effluent 
exceeds the regulatory limit (Vijayaraghavan et al., 2006). Therefore, column operation 
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was stopped when any of the outlet heavy metal ion concentration exceeded 0.3 times of 
its initial concentration.  
Table 9.1. Performance of crab shell-loaded packed column during the treatment of 
stormwater runoff 






Na 0.96 2.32 2.86 
K 0.92 7.43 9.23 
Ca 1.76 -90.9 -113.4 
Mg 1.15 -10 -12.6 
Mn 0.31 28.9 86.9 
Cu 0.02 7.94 99.3 
Co 0.31 7.11 85.8 
Cd 0.05 4.84 98.7 
Pb 0 1.63 99.9 
Zn 0.02 7.96 99.8 
Ni 0.01 7.89 99.8 
 
 It is evident from the results presented in Table 9.1 that crab shell performed very 
well in continuous removal of heavy metal ions from stormwater runoff.  The total 
volume of stormwater treated during entire sorption cycle was 115 L.  For the first 12 h, 
the crab shell was able to retain all heavy metal ions and no significant concentration of 
heavy metal ion was detected in the effluent.  As the time progressed, the concentration 
of Mn2+ was found to increase in the effluent. It should be noted that the initial 
concentration of Mn2+ was higher than that of other heavy metal ions.  After 29 h, cobalt 
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appeared in the effluent in significant concentrations (Cf/C0 = 0.06) which steadily 
increased with time.  Heavy metal ions such as Cu2+ and Cd2+ were detected in the 
effluent only after 82 h.  On the other hand, Ni2+ and Zn2+ appeared only after 136 h.  In 
the case of Pb2+, crab shell was able to retain completely and no evidence of Pb2+ was 
observed in the effluent during entire column operation of 192 h. The breakthrough curve 
and the picture of the column is presented in Figure 9.4.  
 
Figure 9.4. Lab-scale biosorption column used for continuous-flow experiments (a), and 
biosorption isotherms for various heavy metals (b) (inlet pH = 4.9 ± 0.1; flow rate = 10 
mL/min; bed height = 25 cm) 
 
A critical analysis of the performance of crab shell in terms of metal uptake 
revealed that this sorbent possesses very high uptake towards all heavy metal ions. 
Removal efficiencies were greater than 85% for all heavy metal ions. For light metal ions 
such as Na and K, as expected, very low uptake and removal efficiency were observed. It 
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is worth noting that the effluent pH increased rapidly for the first few hours and then 
remained steadily at pH 8.1 (Figure 9.4).  As observed in batch experiments (Figure 
9.3b), excessive leaching of calcium and magnesium occurred from the crab shell. This 
resulted in high concentrations of Ca2+ and Mg2+ in the effluent samples. A strong 


















































Figure 9.5. The variation in concentrations of calcium and magnesium ions and effluent 
pH values as a function of time during the continuous-flow experiments (inlet pH = 4.9 ± 





9.3.6. Suitability of Application 
With crab shell, performing well in both batch and continuous modes, it is very 
important to address the mode of application needed for a full scale treatment system.  A 
variety of stormwater treatment technologies have been developed in recent years. 
Among these technologies, biofiltration (also known as biofilters, bioretention systems, 
and rain gardens) operates by filtering diverted runoff through dense vegetation followed 
by vertical filtration through filter media (Bratieres et al., 2008). Stormwater treatment is 
achieved via a number processes including sedimentation, fine filtration, sorption, and 
biological uptake. Water is then collected in under-drains at the base of the filter media 
for discharge to receiving waters or storage for reuse (Hatt et al., 2009). The filter media 
usually consists of sand, bark or compost and a drainage layer.  It is well known that 
sand-based filter media remove TSS effectively (Bratieres et al., 2008).  However, its 
effectiveness over removal of heavy metal ions is of great concern. Crab shell with its 
high biosorption capacity towards different heavy metal ions, fast metal removal rate 
even at high flow rates and good mechanical strength can act as a perfect additive in 
sand-based filter media. A separate layer of crab shell can be incorporated into biofilters, 
especially after sand layer, so that suspended solids-free effluent can enter crab shell 
section. Once heavy metal ions are bound to crab shells, they cannot be washed out easily 
even under extreme natural acidic conditions which are commonly found in urban roof 
runoff. This finding is a very important factor in the context of developing and operating 
a continuous stormwater treatment scheme, as some ion-exchange based filter media has 
the potential to give out metal ions in exchange of protons (Pitcher et al., 2004). A 
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potential disadvantage of using crab shell in biofilters is its tendency to increase the 
effluent pH which is directly associated with the leaching of calcium and magnesium.  
9.4. Conclusions 
In this study, seven low-cost sorbents (five biosorbents, and two commercial 
sorbents) were screened on the basis of their heavy metal removal efficiency from urban 
stormwater runoff. Of these sorbents, crab shell performed well with removal efficiencies 
over 93% for different metal ions including Co, Cu, Pb, Mn, Zn, Ni and Cd.   
Being abundantly generated as waste in seafood industries, the disposal routes of 
crab shells have become increasingly restricted. For example, landfill is not permitted for 
raw or untreated seafood waste disposal. Hence, an alternative route such as efficient 
reutilization of these seafood wastes for environmental applications is highly desired by 
seafood industries. The results of this study indicate that crab shells can be used for the 
removal of trace amounts of heavy metal ions from stormwater runoff.  
Heavy metals are strongly bound to crab shell and do not get washed off with 
water or even mild acidic solution, making it suitable for application in treatment of 
urban runoff. 
The current study also highlighted possible applications of crab shells in biofilters. 
Crab shells can be added as an additive in sand-based filter media or as a separate layer 
into biofilters.  
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It was found that the adsorption of heavy metals is at the expense of release of 
calcium and magnesium from crab shells. Thus, additional research is needed to control 
the leaching of calcium and magnesium from crab shells, which might be achieved by 
functionalization of crab shells.   
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Chapter 10. Biosorption of As(V) onto the Shells of the Crab 
(Portunus sanguinolentus): Equilibrium and Kinetic Studies 
10.1. Introduction 
Arsenic (As), a naturally occurring toxic element, is the 20th most abundant 
element in the earth’s crust (Mandal and Suzuki, 2002). Thus, arsenic toxicity has 
become a global concern owing to the ever-increasing contamination of water, soil and 
crops in many parts of the world. In nature, arsenic is released to the environment 
through weathering and volcanism. Arsenic is also released by anthropogenic activities, 
such as mining, smelting and agricultural activities (Mohan et al., 2007). The presence of 
As in the environment, its toxicity and health hazards are well known and have been 
reviewed extensively (Jain et al., 2000; Matschullat et al., 2000; Bissen et al., 2003). It is 
highly toxic and known to cause skin, liver, lung, kidney or bladder cancer. Due to the 
high toxic effects of As, the World Health Organization (WHO) has revised the guideline 
for arsenic in drinking water from 50 to 10 μg/L (WHO, 1993). Arsenic forms inorganic 
and organic complexes in the environment, but the two biologically important species are 
As(V) and As(III), which are inter-convertible depending on the redox status of the 
environment (Tripathi et al., 2007). Under atmospheric or more oxidizing environment, 
the predominant species is As(V), which, in the pH range of 6-9, exists predominantly as 
deprotonated oxyanions, namely H2AsO4- or HAsO42-.  Under mildly reducing conditions, 
As(III) is thermodynamically stable and exists predominantly as H3AsO3 at pH below 9.0 
(Feguson et al., 1972). 
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Since arsenic cannot be destroyed or degraded, its decontamination can only be 
envisioned as its sequestration in a non-bioavailable form or its conversion into less toxic 
forms. Biosorption has emerged as a promising remediation technology, which uses 
inactive/dead biomaterials to remove pollutants from contaminated environments. 
Biomaterials come under the class of bacteria, fungi, algae and other industrial wastes. 
However, only very few biosorbents have been examined for their potential to remove 
arsenic from contaminated solutions (Hansen et al., 2006; Mrurgesan et al., 2006; Seki et 
al., 2005; Loukidou et al., 2003). 
 In recent years, few investigators reported that crab shell showed excellent metal 
binding ability towards lead (Lee et al., 2006), nickel (Vijayaraghavan et al., 2004), 
copper (Vijayaraghavan et al., 2006), and cadmium (Evans et al., 2002). The ability of 
crab shell to sequester multiple metals from the stormwater is discussed in Chapter 9. The 
effectiveness of crab shell as a biosorbent is attributed to its rigid structure, excellent 
mechanical strength, and ability to withstand extreme conditions employed during 
regeneration process (Vijayaraghavan et al., 2006).  The additional advantage is that crab 
shells can be obtained in large quantities from seafood industries. In view of these 
attributes, it is of great fundamental interest to study the potential application of the shell 
particles for the removal of toxic elements such as arsenic from aqueous solutions. With 
this goal in mind, the present research was conducted with crab shell particles to 
investigate their biosorption capacity for As(V), provide insights into the binding 
mechanism responsible for removal of As(V) from aqueous solution, and to identify the 
major parameters affecting its biosorption. Results obtained from this study are presented 




10.2.1. Crab Shell and Arsenic Solution 
As arsenic in natural waters is a major problem in South Asia (Chatterjee et al., 
1993; Bhattacharya et al., 2002), and not much in Singapore, waste shells of Portunus 
sanguinolentus were collected from the Marina beach (Chennai, India) so that the results 
of this study are directly relevant to the affected regions (South Asia) and can be used to 
treat contaminated waters. The crab shells were sun dried and crushed to a particle size in 
the range of 0.5 - 1 mm using ball mill. The shell particles were then treated with 0.1 M 
HCl for 4 h followed by washing several times with deionized (DI) water and then dried 
in an oven at 600C overnight. This pre-treatment process was carried out to ensure the 
removal of excess calcium carbonate and to prevent dissolution of calcium carbonate in 
the pH range of 2 to 10 (Vijayaraghavan et al., 2006). The pre-treated shell particles were 
used in all biosorption experiments. 
All chemicals used in the experiments were of analytical grade. The As(V) 
solution was prepared by dissolving Na2HAsO4 in DI water. 
10.2.2. Experimental Procedure 
 Biosorption experiments were conducted by bringing 500 mg of crab shell into 
contact with 100 ml of As(V) solution, at desired pH, in a 250 mL Erlenmeyer flasks kept 
on a rotary shaker at 160 rpm. The pH of the solution was initially adjusted using 0.1 M 
HCl or NaOH, with the pH of the reaction mixture being controlled in the same manner 
during experimental runs. After 8 h of contact, the reaction mixture was filtered through a 
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0.45 μm PTFE membrane filter and analyzed for arsenic concentration using inductively 
coupled plasma-atomic emission Spectrometry (ICP-AES; Perkin Elmer Optima 3000 
DV). Kinetic experiments were conducted using the same method as above, except that 
the samples were collected at different time intervals to determine the time point at which 
biosorption equilibrium was attained. 
 The amount of metal sorbed by biosorbent was calculated from the differences 
between the metal quantity added to the biosorbent and the metal content of the 
supernatant using the following equation: 
MCCVQ f /)( 0       (10.1) 
where Q is the metal uptake (mg/g); C0 and Cf are the initial and equilibrium metal 
concentrations in the solution (mg/L), respectively; V is the solution volume (L); and M is 
the mass of biosorbent (g). 
The metal-loaded crab shell, which was previously exposed to 10 mg/L of As(V) 
solution at pH 3, was separated from the solution by filtration. The biosorbent was then 
brought into contact with a known volume of 0.1 M NaOH or 0.1 M HCl for 1 h, on a 
rotary shaker at 160 rpm. The remaining procedure was the same as that employed in the 
biosorption equilibrium experiments. All experiments were done in duplicates, and the 





10.2.3. Mathematical Modeling of Experimental Data 
The biosorption isotherms were studied using the following four models, which 
can be expressed in their non-linear forms: 
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where Qmax is the maximum metal uptake (mg/g), b the Langmuir equilibrium constant 
(L/mg), KF the Freundlich constant (mg/g) (L/mg)1/n, n the Freundlich constant, KRP is the 
Redlich-Peterson isotherm constant (L/g), aRP is the Redlich-Peterson isotherm constant 
(L/mg)1/βRP, βRP is the Redlich-Peterson model exponent, bT is the Toth model constant 
and nT the Toth model exponent. 
The experimental biosorption kinetic data were modeled using pseudo-first and –second 
order kinetics, which can be expressed in their non-linear forms, as follows: 
Pseudo-first order model  ))exp(1( 1tkQQ et     (10.6) 
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where Qe is the amount of metal sorbed at equilibrium (mg/g), Qt the amount of metal 
sorbed at time t (mg/g), k1 the pseudo-first order rate constant (L/min) and k2 the pseudo-
second order rate constant (g/mg.min). All the model parameters were evaluated by non-
linear regression using Sigma Plot (version 4.0, SPSS, USA) software. The average 















     (10.8)  
where Qexp and Qcal represents experimental and calculated metal uptake values, 
respectively, and N is the number of measurements. The residual root mean square error 











1       (10.9) 
where Qi is the observation from the batch experiment, qi is the estimate from the model 
for corresponding Qi and m is the number of observations in the experimental isotherm. 
The smaller the RMSE value, the better the curve fitting would be. 
10.2.4. SEM Analysis 
To determine the major mechanism responsible for As(V) removal, the As(V)-
loaded crab shell was dried, coated with thin layer of platinum and analyzed by scanning 
electron microscopy (SEM) equipped with energy dispersive X-ray analysis (JEOL, JSM-
5600 LV).  
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10.3. Results and Discussion 
10.3.1. Effect of pH 
In the first set of experiments, the influence of equilibrium pH on the biosorption 
of As(V) was examined (Figure 10.1). The solution equilibrium pH severely affected the 
As(V) biosorption capacity of crab shell, with strong acidic pH values resulting in 
maximum uptake. As the pH increased from 3, the As(V) uptake decreased and the crab 
shell exhibited no biosorption capacity after pH 9. The crab shell comprises mainly 
calcium carbonate and chitin along with some proteins. Calcium carbonate in crab shell 
favors micro-precipitation of metal ions as CaCO3 dissociates to Ca2+ and CO3 (Jain and 
Ali, 2000; Sathiskumar et al., 2008)  In the present study, the shells were washed 
extensively with 0.1 M HCl, which practically removed excess calcium carbonate.  
Structurally, crab shell mainly consists of chitin, which is a straight-chain polymer 
composed of β-1,4-N-acetylglucosamine (Cabib, 1981).  In chitin, hydroxyl and amine 
functional groups are prevalent; in particular, amide groups exist as the predominant form 
of amine groups. As the pH decreased, the amide sites could be effectively protonated 
with a positive charge, thus favoring the binding of anionic arsenate species. The pH also 
influences the chemical speciation of arsenate in the solution. Our study showed that at 
pH 2 low As(V) binding took place as compared to pH 3. The reason for this behavior 
can be explained as follows.  
In general, from pH 3 to 6, arsenate exists as H2AsO4- which favors binding to 
positively charged amide groups. At strong acidic pH values (pH < 2.3), H3AsO4 starts to 
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predominate (Lide, 2003) and this neutral species are unlikely to bind to positively 
























Figure 10.1. Effect of pH on arsenate uptake by crab shell (initial As(V) concentration = 
104 mg/L; temperature = 25±10C, agitation speed = 160 rpm) 
 
10.3.2. SEM Examination 
Figure 10.2 depicts the SEM micrographs of crab shell particles after arsenic 
biosorption. The surface is not smooth and contains lumps of calcium salts. In EDX 
analysis, strong Ca peaks were observed, which implies that shell particles still contain 
calcium carbonate. Even with the acid-wash, complete removal of calcium carbonate 
from the crab shell was not achieved.  Repeated exposure to strong acidic conditions may 
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disrupt the structure of crab shell as CaCO3 plays a vital role in the rigidity of crab shell. 
However, care was taken to avoid calcium carbonate dissolution, and the control 
experiments conducted at different pH conditions revealed no dissolution of CaCO3. The 
peaks corresponding to carbon, nitrogen, oxygen, sulfur and phosphorous were recorded 
in the EDX spectrum. These elements are present in the crab shell as the main 
constituents of chitin, chitosan and protein. EDX spectra also show the presence of 



















10.3.3. Isotherm and Modeling 
Isotherms pertaining to the biosorption of As(V) onto crab shell particles were 
determined at different pH conditions (Figure 10.3). A critical analysis of the shape of 
isotherms revealed that all the isotherms were favorable and can be classified as “L-
Shaped” (Limousin, 2007).  This means the ratio between the As(V) concentration in the 
solution and that sorbed onto the biosorbent decreases with increase in the As(V) 
concentration, providing a concave curve without a plateau. Under the experimental 
conditions, pH 3 was found to be the optimum pH at which the highest As(V) uptake 
took place. 
Experimental isotherms related to the biosorption of As(V) onto chitin at different 
pH conditions were tested using the Langmuir, Freundlich, Redlich-Peterson and Toth 
models. The isotherm model constants, along with the correlation coefficient (r2), % error, 
and RMSE are presented in Table 10.1. Initially, the Langmuir model was applied to the 
present system, with the assumptions that adsorption sites are identical, each site retains 
one molecule of the given compound and all sites are energetically and sterically 
independent of the adsorbed quantity. Even though these assumptions are not valid for 
the biosorption system, the model was able to describe the isotherm data with high r2, 
low % error, and RMSE values.  A maximum As(V) biosorption capacity of 12.8 mg/g 
was observed at pH 3; whereas increasing or decreasing the pH from 3 resulted in 
decreased biosorption capacity.  The Langmuir affinity constant (b), which characterizes 
the initial slope of the isotherm, was almost constant at different pH conditions examined.  
A high “Qmax” and steep initial isotherm slope (i.e., high b) are desirable for a good 
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biosorbent. However, the curves predicted by the Langmuir model significantly deviated 
from the experimental isotherms at all examined pH conditions.  A similar trend was also 
observed with the Freundlich and Redlich-Peterson models, which described the isotherm 
curves with high r2, low RMSE, and % error values, but, the curves predicted by these 
models significantly deviated from the experimental isotherms. The Freundlich isotherm 
was originally empirical in nature, but was later interpreted as sorption to heterogeneous 
surfaces or surfaces supporting sites of varied affinities.  It is assumed that the stronger 
binding sites are occupied first and that the binding strength decreases with the increasing 
degree of site occupation. Both the Freundlich constants (KF and 1/n) were observed to 
have maximum values at pH 3.  High KF and n values indicate that the binding capacity 
reached its highest value, and the affinity between the biosorbent and As(V) was also 
high. The Redlich-Peterson model incorporates the features of both the Langmuir and 
Freundlich isotherms into a single equation. There are two limiting behaviors: the 
Langmuir form for βRP=1 and the Henry’s law form for βRP=0. The isotherm constant 
(KRP) and model exponent (βRP) were observed to have maximum values at pH 3 whereas 
the constant aRP remained unaltered at all pH conditions examined (Table 10.1). 
Finally, the Toth model was examined for the As(V) biosorption isotherms and 
this resulted in very good prediction of isotherm curves (Figure 10.3) along with high r2 
and very low RMSE and %ε values (Table 10.1). The Toth isotherm (Toth, 1971), 
derived from potential theory, has proven useful in describing sorption in heterogeneous 
systems such as phenolic compounds on carbon. It assumes an asymmetrical quasi-
Gaussian energy distribution with a widened left-hand side, i.e. most sites have sorption 
energy less than the mean value. The successful application of the Toth model to the 
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present data supports the fact that the surfaces of the biosorbent are heterogeneous and 
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Figure 10.3. Isotherms during As(V) biosorption onto crab shell (temperature = 25 ± 10C, 




Table 10.1. Biosorption isotherm model parameters at different pH conditions 
pH 







 KRP aRP βRP r2 
ε 
RMSE 
(L/mg) (%)  (L/g) (L/mg)1/βRP (%) 
2 11.6 0.012 0.996 5.64 0.299  0.139 0.012 0.954 0.996 5.64 0.299 
3 12.8 0.012 0.998 4.26 0.251  0.15 0.012 0.989 0.998 4.26 0.251 
4 8.83 0.012 0.997 4.21 0.234  0.111 0.012 0.973 0.997 4.21 0.234 







bT nT r2 
ε 
RMSE 
(L/g)1/n (%)  (mg/g) (%) 
2 0.336 1.55 0.992 4.23 0.455  6.15 0.016 0.206 0.999 0.84 0.079 
3 0.354 1.53 0.994 3.75 0.407  7.22 0.016 0.334 0.999 0.88 0.14 





10.3.4. Kinetics and Modeling 
The sorption kinetics plays a very important role in the treatment of aqueous 
solution, as it provides valuable insights into the reaction pathways and mechanisms of 
sorption reactions. Since biosorption is a metabolism-independent process, it would be 
expected to be a very fast reaction. Experimental kinetic data at different initial As(V) 
concentrations coincided with this expectation, with more than 90% of As(V) ions 
removed in the first 1.5 h (Figure 10.4). This initial quick phase was followed by slow 
attainment of equilibrium as a large number of vacant binding sites were initially 
available for sorption, but thereafter, the occupation of the remaining vacant sites would 
be difficult due to the repulsive forces between the metal ions in the solid and bulk phases 
(Langmuir, 1918). On changing the initial As(V) concentration from 14.1 to 56.4 mg/L, 
the uptake increased from 1.1 to 3.6 mg/g whereas the removal efficiency decreased from 
39.2 to 32.1%. This anomaly can be attributed to the fact that the ratio of the initial moles 
of metal ions to the available surface area was low and subsequently the fractional 
sorption became independent of initial concentration of As(V). However, at higher 
concentrations the available sites become fewer compared to the moles of metal ions 
present. Hence, the percentage metal removal is dependent upon the initial metal ion 
concentration (Vijayaraghavan et al., 2006). 
The experimental kinetic data were described using pseudo-first and –second 
order models. Application of both models resulted in very high correlation coefficients 
and low % error and RMSE values (Table 10.2). However, the pseudo-second order 
model predicted the equilibrium uptake values and kinetic curves better compared to the 
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pseudo-first order model. The pseudo-first order model under-predicted the equilibrium 
uptake values at all initial concentrations examined. The reason for these differences in 
the Qe values is that there is a time lag, possibly due to a boundary layer, or external 
resistance controlling the initiation of the sorption process (McKay et al., 1999). In most 
cases in the literature, the pseudo-first order model does not fit the kinetic data well for 
the whole range of contact time, and generally underestimate the Qe values (Ho and 
McKay, 1998; Raddad et al., 2002). The pseudo-second order model is based on the 
sorption capacity on the solid phase. Contrary to other well established models, the latter 
model predicts the behavior over the whole range of studies and it is in agreement with a 
chemisorption mechanism being the rate controlling step (Vijayaraghavan and Yun, 
2008). However, the equilibrium uptake values were slightly over-predicted by the 
pseudo-second order model. The curves predicted by the pseudo-second order model are 





























Figure 10.4. Biosorption kinetics of As(V) uptake onto crab shell (pH = 3; temperature = 


















2 ε (%) RMSE 
(1/min)   (g/mg min) 
14.1 1.11 0.097 1.06 0.998 0.169 0.047  0.161 1.11 0.997 0.017 0.01 
28.2 2.06 0.048 1.97 0.999 0.607 0.063  0.032 2.15 0.999 0.386 0.035 
42.3 3.14 0.06 3.04 0.999 0.229 0.082  0.028 3.27 0.999 0.449 0.069 




10.3.5. Ionic Strength 
An important experimental parameter to be investigated in biosorption 
experiments is the ionic strength, which influences the binding of solutes to the biomass 
surface. The effect of ionic strength on the As(V) biosorption onto crab shell was studied 
by adding NaCl in the concentration ranges of 0 – 5000 mg/L (Figure 10.5). As the ionic 
strength increased, arsenic uptake was severely affected. This decrease may be ascribed 
to the competition between ions, changes in metal activity, or in the properties of the 
electrical double layer. The anion Cl- may compete with H2AsO4- for the positively 
charged NH3+ groups of the crab shell. To confirm this, ion chromatography was used to 
analyze the Cl- concentration. From Figure 10.5, it was clear that Cl- ions occupied some 
positively charged binding sites of the crab shell. In general, as the ionic strength 
increased, Cl- uptake by crab shell also increased. Further, it is worth noting that crab 
shell also showed potential in binding Na+ ions onto its surface. As a consequence, the 
Na+ uptake increased with ionic strength. However, compared to the initial 
concentrations of Na+ and Cl- ions used, the uptake of these ions by crab shell is not 
significant. Based on these observations, it can be concluded that the As(V) uptake by 
crab shell was strongly dependent on ionic strength as evident from the competition of Cl- 







































Figure 10.5. Effect of ionic strength on the uptake of As(V) by crab shell (Initial As(V) 
concentration = 10.5 mg/L; pH = 3; temperature = 25±10C, agitation speed = 160 rpm) 
10.3.6. Desorption 
 Desorption is of utmost importance as it is possible to decrease the treatment 
process cost and also the dependency of the process on a continuous supply of 
biosorbents. Since maximum As(V) biosorption was observed in the pH ranges of 2 to 7, 
elution was attempted using both acidic (0.1 M HCl) and basic (0.1 M NaOH) solutions. 
Interestingly, both eluents showed superior desorption efficiencies, which were 87.1 and 
98.2% by HCl and NaOH, respectively. The efficient performance of HCl in desorption 
could be attributed to the competition between Cl- and As(V), with chloride ions taking 
the place of arsenate ions on the active sites. On the other hand, the performance of 
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NaOH could be attributed to the fact that OH- ions compete in occupying the positively 
charged binding sites, leading to the release of arsenate ions. 
10.4. Conclusions 
This study demonstrated the feasibility of utilizing a seafood industry waste, 
namely crab shell, for the removal of arsenic(V) from aqueous solutions. The important 
findings arising from the study are: 
 Crab shell particles, due to the presence of chitin and protein, performed well in 
As(V) biosorption. In particular, the amine groups of chitin were mainly 
responsible for binding anionic arsenate with the maximum biosorption occurring 
at pH 3. 
 Isotherm experiments revealed that crab shell can bind As(V) with as much as 
12.8 mg/g biosorption capacity at pH 3, according to the Langmuir model. 
However, examining the isotherm with different models revealed that the Toth 
model described the experimental data with very high r2, low % error, and RMSE 
values. 
 Kinetic experiments indicated that more than 90% of As(V) ions were removed in 
the first 1.5 h, which implies that the material is well suited for column 
applications. Application of kinetic data to different kinetic models revealed that 
the pseudo-second order model predicted the equilibrium As(V) uptake values 




 Ionic strength strongly affected the As(V) uptake by crab shell due to Cl- 
competition in occupying the positively charged sites of the biosorbent. 
 The biosorbed arsenate ions were effectively eluted using 0.1 M HCl and 0.1 M 
NaOH, with the latter exhibiting 98.2% elution efficiency. 
 Thus, crab shell being low-cost and easily available biomaterial can be considered 
for decontamination of natural waters containing As(V). Due to its high 
mechanical strength and ease in desorption, crab shell possesses all prerequisites 





Chapter 11. Conclusions 
11.1. Summary and Major Conclusions 
 This dissertation addressed three major topics related to urban stormwater 
management in tropical climate. The first topic dealing with urban stormwater 
characterization (Chapter 4, 5, and 6) focused on the determination of basic 
characteristics of urban storm water from different sectors of an urban area with emphasis 
on trace elements. The second topic dealing with source assignment of trace elements in 
urban stormwater (Chapters 7 and 8) concentrated on the study of characterization, fate 
and transport of trace elements in street dust. The third research topic dealing with 
decontamination of urban runoff (Chapter 9 and 10) focused on development of low cost, 
low energy treatment of urban runoff.  
11.1.1. Characterization of Urban Stormwater Runoff 
 To determine basic water quality parameters and concentrations of major ions in 
rainwater and stormwater runoff from different sectors of Singapore, a manual sampling 
program was conducted with collection of fresh rainwater samples and urban runoff from 
roof, residential and commercial areas.  
Storm events in Singapore are highly localized and high in intensity. Daily 
rainfall varied from 0.2 mm to 80.6 mm. Antecedent dry days ranged from 1 to 28, 
signifying that the amount of pollutants that accumulate in the atmosphere and geosphere 
varied considerably. It was found that the pH of rainwater in Singapore was acidic, and 
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shifted slowly towards neutral as the rainwater was transferred to roof and then to the soil. 
Median pH of roof runoff was found to be 4.78 and that for runoff from commercial and 
residential areas was pH 6.51 and 7.04, respectively. Concentrations of DOC increased 
slightly in urban runoff as compared to that in rainwater. DOC contents ranged from 0.8 
to 7.5 mg/L in rainwater, while it varied from 2 to 10 mg/L in urban runoff. Conductivity, 
which is the indicator of major ions in the aqueous sample, was found to vary from 11.0 
to 62.9 µS/cm in rainwater with an overall mean of 28.6 µS/cm. In the case of stormwater 
runoff collected from the three different sectors, the difference in the conductivity was 
not significant and the means from the three sectors were fairly close to each other; the 
conductivity values were 70.2, 77.2 and 62.1 µS/cm for runoff from roof, residential and 
commercial areas, respectively. Statistical analysis using ANOVA revealed that the pH 
measured among stormwater samples from different sectors was significantly different 
with the confidence level of 99.99%, the DOC was also significantly different with the 
confidence level of 87%, and conductivity was not significantly different.  
Concentrations of major ions were mostly below the allowable contamination 
limits as recommended by Singapore’s environmental law, WHO and USEPA. However, 
it should be noted that the concentration of most of the ions increased several folds when 
the surface runoff passed through various sectors of urban areas. Among the urban 
sectors investigated in this study, the commercial area produced the highest enrichment 
of the major ions, particularly chloride and nitrate among anions, and calcium, 
magnesium and sodium among cations. TSS ranged from 10 to 196 mg/L. As compared 
to a similar study conducted in Singapore a decade ago, the concentration of TSS was 
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found to have been reduced slightly, which is most likely due to better management of 
land areas in Singapore. 
The grab samples collected from different land use patterns were investigated for 
their trace element concentrations. Concentrations of all the 13 trace elements under 
consideration were below the trade effluent discharge limit recommended by Singapore’s 
environmental law. However, Al, Fe and Zn were higher than the other trace elements 
determined in all urban runoff samples. Statistical analysis suggested that the quality of 
urban runoff from different sectors was significantly different from each other and was 
further confirmed by PCA scores plot. Logical rules were generated using CART analysis 
to distinguish the urban runoff from different sectors with an accuracy of 95%. 
Enrichment factor analysis revealed that most of the trace elements except Ti and V were 
of anthropogenic origin.  
 Chemical characteristics and the environmental mobility of trace elements were 
studied comprehensively using sequential samples collected from residential and 
industrial areas. The chemical analysis of sequential samples revealed that some of the 
trace elements such as Co, Ni, Ti, V and Zn exhibited first flush phenomena while others 
did not. In terms of total concentrations, the abundance of the elements were in the order 
of Fe>Al>Zn>Ti for residential runoff while it was Fe>Zn>Al>Cu for industrial runoff.  
It was found that the environmentally mobile fraction of trace elements in the particulate 
phase made substantial contributions to the total concentration. The finding that 
environmentally mobile fraction is equal to or greater than the concentrations in the 
dissolved form suggests that the concentration of trace elements in the dissolved form 
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could increase significantly with changes in environmental conditions such as the 
increased acidity of stormwater. Possible sources of trace elements were identified based 
on statistical correlation analysis and PCA. In the residential area, crustal leachout, paint  
flakes from building walls, and atmospheric deposition were found to be the possible 
sources of trace elements. As for industrial runoff, the probable sources of trace elements 
were emissions from nearby petrochemical and semiconductor industries, corroded metal 
roofing and vehicular activities. 
11.1.2. Characteristics, Fate and Transport of Trace Elements in Street Dust 
 One of the major sources of trace elements in urban runoff is street dust. 
Consequently, the chemical characteristics of trace elements in street dusts from three 
distinct land use sectors (residential, commercial and industrial) were studied.  In addition 
the solubility of the street dusts in various media (DI water, acidified water and river 
water) were also evaluated. The street dust was found to mainly contain Fe, Al, Cu, and 
Zn, with industrial site having the highest concentration among the three sites. 
Specifically, Cr, Cu, Fe, Ni, and Zn were more abundant in samples from the industrial 
area and their concentrations were much higher than those in street dust samples from 
residential and commercial areas. ANOVA results revealed that all the elements from the 
three locations were statistically different with the confidence level of 99%, except for As 
for which the confidence level was 95%. Comparing the total concentrations of trace 
elements in street dusts with the allowable limits for soil (NEPAC, 1995), it was found 
that many of the trace elements exceeded the limit. For example, As and Pb exceeded the 
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limit for commercial and industrial areas, while Cu and Zn exceeded the maximum 
permissible limit in all the three areas. 
Enrichment factor analysis suggested that all the elements except Ti were of 
anthropogenic origin, among which the highest enrichment was found to be for As, Pb, 
Zn and Cu for all the sites.  Inter-comparison of elemental concentrations of the street 
dust from the three land use sectors with similar studies reported in the literature revealed 
that the  average concentrations of most of the trace elements in Singapore were lower 
than the reported values from elsewhere. One distinct observation was that the 
concentration of Cu in the industrial area in Singapore was the highest among the 
reported values, which could be attributed to intense human activities in the industrial site, 
especially the scrap metal industry and the movement of heavy vehicles within the 
industrial area. 
Dissolution studies on street dust suggested that the trace elements are slightly 
soluble under normal conditions (around neutral pH), but increased significantly with the 
increase in the acidity of samples. Rainwater, which is increasingly becoming acidic in 
this region, is likely to leach out significant amounts of trace elements from the street 
dust. Dissolution kinetics for all the trace elements studied indicated that Cd had the 
highest dissolution potential and Al had the least. 
 Speciation of trace elements in street dust was studied on weekly samples 
collected over six months. The fractions investigated during the speciation study were (1) 
water soluble fraction, (2) acid soluble fraction associated with carbonates, (3) reducible 
fraction associated with the oxides and hydroxides of Al, Mn and Fe, and (4) residual 
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fraction, bound to organic matter or sulfides. The water soluble fraction ranged from 0.1 
to 6.0% of the total concentration. The acid soluble fraction, which has the potential to go 
into water soluble fraction and be bioavailable, was found to be 0.6 to 21.4% of the total 
concentration, suggesting that the bioavailable fraction of the trace element can increase 
many folds with an adverse change in the environmental condition such as lowering of 
pH. However, majority of the trace elements were found to be in the residual phase and 
would finally settle as bottom sediments in the receiving water bodies. 
In terms of the total concentrations, many trace elements in the industrial area 
were several folds higher than those in residential and commercial areas, especially Cr, 
Cu, and Zn. Spatial and temporal variations in the concentrations of trace elements were 
analyzed using one way and two way ANOVA. It was found that all the trace elements 
were significantly different across locations (spatial variation) with the confidence level 
of 95%, but the temporal variation was not significant for any of the trace elements, 
which was also confirmed by the three dimensional bi-plot of PCA. 
Pearson correlation coefficient was computed between all the pairs of element 
concentration changes across months. Factor analysis was performed on the speciation 
data separately for each location aggregating the monthly concentrations for each trace 
element. The correlation and the factor loading among the trace elements were used to 
identify the most probable sources of the trace elements. Factor analysis resulted in 4, 4, 
and 3 factors for trace elements in street dust from residential, commercial, and industrial 
areas respectively. First factors explaining the highest percentage of variation in the data 
set suggested crustal leachout, metallurgical processes and industrial activities to be the 
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most probable sources of the trace elements in the street dust collected from residential, 
commercial and industrial sites, respectively. 
11.1.3. Treatment of Urban Runoff using Low Cost Biosorbents 
 As urban runoff contains various amounts of trace elements, it is desirable to 
decontaminate it in order to protect the quality of receiving water bodies. Conventional 
technologies that are suitable for high concentrations of industrial effluents are often 
ineffective or cost prohibitive when applied to concentration levels present in urban 
runoff. Simple and cost-effective treatment techniques are necessary, and biosorption 
using locally available biomaterials is an attractive solution.  
Laboratory scale batch experiments were conducted with seven low cost 
adsorbents i.e. five locally available biosorbents (sawdust, peat, bagasse, crab shell and 
Sargassum sp), and two commercial sorbents (Amberlite (Amberlite XAD7, Sigma), 
chitosan (from crab shells, Practical grade, Aldrich)) to investigate their sorption 
potential for trace elements at concentration levels found in urban runoff.  
Crab shell was found to be the best sorbent among the sorbents screened and the 
sorption of trace elements onto crab shell was confirmed using SEM micrographs and 
EDX analysis. The major mechanism behind the biosorption of the trace elements is 
attributed to the dissociation of calcium carbonate, whereby carbonate species (mainly 
HCO3- and CO32-) are responsible for the formation of insoluble metal carbonates. 
Kinetic studies revealed that the rate of removal of heavy metals by crab shell was very 
fast and equilibrium was attained within 12 minutes. It was found that biosorption could 
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be performed at normal pH of urban runoff (between pH 6 and 7), and 0.1M HCl can 
desorb more than 96% of heavy metals (Cu, Pb, Zn, Co, Cd, Mn and Ni), and thus the 
biosorbent can be reused.  
The feasibility of using crab shell in real-world applications was investigated 
using column experiments with a continuous flow of simulated stormwater. The column 
with an I.D. of 2.4 cm and bed height of 25 cm was packed with 71.2 g of crab shell 
particles and was operated with stormwater flow rate of 10 mL/min. The crab shell was 
able to retain all heavy metal ions for considerable amount of time. Co2+ appeared in the 
effluent after 29 h, while Cu2+ and Cd2+ were detected in the effluent only after 82 h.  
Heavy metal ions such as Ni2+ and Zn2+ appeared only after 136 h.  In the case of Pb2+, 
crab shell was able to retain completely and no evidence of Pb2+ was observed in the 
effluent during the entire column operation of 192 h. Overall, removal efficiencies 
considering all heavy metal ions were greater than 85%, which suggests that it can be an 
effective biosorbent to decontaminate urban runoff. 
Arsenic, being a metalloid with very different properties, was studied separately. 
The biosorption of As(V) was found to be highly dependent on pH and the maximum 
biosorption was achieved at pH 3. The isotherm of As(V) biosorption could be classified 
as “L-Shaped” i.e. a concave curve without a plateau and could be modeled using Toth 
model. The kinetics of biosorption was fast, with 90% removal within 1.5 hours, and 
could be modeled using pseudo-second order model. Ionic strength strongly affected the 
As(V) uptake by crab shell due to Cl- competition in occupying the positively charged 
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sites of the biosorbent. 0.1M HCl was found to desorb more than 98% of arsenic 
suggesting its reusability. 
In conclusion, this study has fulfilled its objectives and provided a comprehensive 
dataset on characteristics and sources of trace elements in urban runoff in Singapore for 
the first time. The conceptual framework used in this study and the results obtained could 
aid the decision making process for the source identification and removal of the trace 
elements of interest in urban runoff. The finding made in this study that locally available 
biosorbents can sequester trace elements adds another dimension in the treatment of 
urban runoff, whereby the urban runoff can be treated either in distributed treatment 
plants and improve the water quality of the water bodies, or can be used as an additional 
layer into biofilters, especially after sand layer so that suspended solids-free effluent can 
enter the biosorbent section. Overall, the work undertaken in this dissertation has 
enhanced the knowledge-base required for effective stormwater management and can be 
used as a model to study the sources and treatment of other contaminants of interest in 
urban runoff. 
11.2. Suggestions for Further Studies 
Specific recommendations for future studies include: 
(i) Extension of the characterization and source apportionment of urban runoff with 
respect to other pollutants of concern including organic micropollutants (e.g. 
Polycyclic aromatic hydrocarbons (PAHs), organochlorine pesticides (OCPs), 
polychlorinated biphenyls (PCBs) etc.), and other emerging contaminants.  
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a. PAHs are produced through thermal decomposition of organic compounds 
consisting of carbon and hydrogen. Similar to trace elements, they have both 
natural and anthropogenic origin. They are present in trace levels in 
environmental matrices, but have received considerable attention over the past 
few decades because of their ubiquitous presence and carcinogenic properties 
even in trace levels (IARC, 1991). USEPA and World Health Organization 
(WHO) has listed PAHs as priority pollutants (USEPA, 1992) and European 
Union has set threshold limit of total PAHs in drinking water as 200 ng/L 
(EEC, 1980). PAHs have been reported to be present in air (Chakraborti et al., 
1988; Olivella, 2005), rainwater (Franz et al., 1991; Lim et al., 2007); urban 
runoff (Sharma et al., 1994; Kimbrough and Dickhut, 2006), and in surface 
waters (Manoli and Samara, 1999). Similarly, the OCPs and PCB have adverse 
effect in the environment and human health (Doong et al., 2008), and are 
detected in trace amounts in the urban water systems (Miglioranza et al., 2004; 
Hwang and Foster, 2008). Thus, it is necessary to quantify the concentration 
of PAHs OCPs and PCBs in urban runoff which is now considered as a 
potential source of potable water. 
b. Emerging contaminants are defined as synthetic organic compounds or 
manufactured natural compounds where growing evidence suggests that 
adverse effects at environmentally relevant concentrations could occur, but 
whose environmental releases are not regulated, and which are not routinely 
screened for their presence in water (Hoenicke et al., 2007). These compounds 
include drugs, personal care products and other substances and are generally 
 233 
 
present in trace amounts, but are potentially harmful. Some of the 
contaminants demonstrated pollutant-induced endocrine disruption in some 
species at environmentally relevant concentrations (Desbrow et al., 1998); and 
have the potential to cause other adverse direct and indirect health effects in 
both humans and wildlife (Kuriyama et al., 2005). These compounds should 
also be included in the characterization of urban runoff and efforts should be 
made to find suitable treatment for the contaminants. 
(ii) Modification of crab shells to limit the release of calcium in the treated water 
a. Among the various biosorbents screened in this study, crab shell particles 
performed best in the sequestration of heavy metals from urban runoff. 
However, it was at the expense of release of light metal ions. It should be 
possible to sequester the heavy metal ions without releasing light metal ions 
by improving the surface properties of crab shell particles. Surface 
modification of Sargassum sp improved the uptake of lead (Zein et al., 2009), 
hexavalent chromium (Yang and Chen, 2008), and also helps to reduce 
leaching of organic compounds (Yang and Chen, 2008). There should be 
similar advantages of modification of crab shell particles. Till data, there is no 
published report on the functionalization of crab shell particles for the 
improvement of its biosorption potential. Future research should be targeted 
towards studies on functionalization of crab shell particles to improve its 
biosorption potential. 
b. This study demonstrated the usability of crab shell particles using lab scale 
packed bed column and simulated urban runoff with higher concentrations of 
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trace elements as reported in the literature. Pilot studies using larger packed 
bed column of crab shell particles would be needed and real runoff should be 








Adachi, K., Tainosho, Y., 2004. Characterization of heavy metal particles embedded in 
tire dust. Environment International 30, 1009S-1017. 
Ahmed, F., Bibi, M.H., Ishiga, H., 2007. Environmental assessment of Dhaka City 
(Bangladesh) based on trace metal contents in road dusts. Environmental Geology 51, 
975-985. 
Ahmed, F., Ishiga, H., 2006. Trace metal concentrations in street dusts of Dhaka city, 
Bangladesh. Atmospheric Environment 40, 3835-3844. 
Al-Khashman, O.A., 2007a. Determination of metal accumulation in deposited street 
dusts in Amman, Jordan. Environmental Geochemistry and Health 29, 1-10. 
Al-Khashman, O.A., 2007b. The investigation of metal concentrations in street dust 
samples in Aqaba city, Jordan. Environmental Geochemistry and Health 29, 197-207. 
An, H.K., Park, B.Y., Kim, D.S., 2001. Crab shell for the removal of heavy metals from 
aqueous solution. Water Research 35, 3551-3556. 
Anderson, K.A., Downing, J.A., 2006. Dry and wet atmospheric deposition of nitrogen, 
phosphorus and silicon in an agricultural region. Water Air and Soil Pollution 176, 351-
374. 
Armold Jr, C. L. and Gibbons, C. J., 1996. Impervious surface coverage: The emergence 
of a key environmental indicator. Journal of American Planning Association, 62(2), pp. 
243-257. 
Aswathanarayana, U., 1995. Geoenvironment : an introduction. : A.A. Balkema, 
Rotterdam ; Brookfield, VT. 
Atteia, O., Mondi, C., Perret, D., 2001. Aggregation Rates of Natural Particle Populations. 
Water Research, 35(10): 2429-2434. 
Baba, Y., Hirakawa, H., 1992. Selective Absorption of Palladium(Ii), Platinum(Iv), and 
Mercury(Ii) on a New Chitosan Derivative Possessing Pyridyl Group. Chemistry Letters, 
1905-1908. 
Baierley, J.A., Barerley, C. L., and Goyak, G. M., 1986. AMT-BIOCLAIM: a new 
wastewater treatment and metal recovery technology. Fundamental and Applied 
Biohydrometallurgy, Lawrence, R. W., Branion R. M. R., and Ebner, G. G., Eds. Elsevier, 
Amsterdam, 1986, 291-304. 
 236 
 
Balamurugan, G., 1991. Sediment Balance and Delivery in A Humid Tropical Urban 
River Basin - The Kelang River, Malaysia. Catena 18, 271-287. 
Balasubramanian, R., Perumal, S.V., Vijayaraghavan, K., 2009. Equilibrium Isotherm 
Studies for the Multicomponent Adsorption of Lead, Zinc, and Cadmium onto Indonesian 
Peat. Industrial & Engineering Chemistry Research 48, 2093-2099. 
Balasubramanian, R., Qian, W.B., 2004. Characterization and source identification of 
airborne trace metals in Singapore. Journal of Environmental Monitoring 6, 813-818. 
Balasubramanian, R., Victor, T., Chun, N., 2001. Chemical and statistical analysis of 
precipitation in Singapore. Water Air and Soil Pollution 130, 451-456. 
Ball, J.E., Jenks, R., Aubourg, D., 1998. An assessment of the availability of pollutant 
constituents on road surfaces. Science of the Total Environment 209, 243-254. 
Banerjee, A.D.K., 2003. Heavy metal levels and solid phase speciation in street dusts of 
Delhi, India. Environmental Pollution 123, 95-105. 
Barlow, M., Clarke, T., 2002. Blue gold : the battle against corporate theft of the world's 
water. Earthscan, London. 
Barrett, M.E., Irish, L.B., Malina, J.F., Charbeneau, R.J., 1998. Characterization of 
highway runoff in Austin, Texas, area. Journal of Environmental Engineering-Asce 124, 
131-137. 
Boyd, M. J., Bufill, M. C. and Knee, R, M., 1993. Pervious and Impervious runoff in 
Urban Catchments. Hydrological Sciences, 39(4), pp. 321-332. 
Bozic, D., Stankovic, V., Gorgievski, M., Bogdanovic, G., Kovacevic, R., 2009. 
Adsorption of heavy metal ions by sawdust of deciduous trees. Journal of Hazardous 
Materials 171, 684-692. 
Breiman, L., 1998. Classification and Regression Trees. Chapman & Hall/CRC. 
Brown, J.N., Peake, B.M., 2006. Sources of heavy metals and polycyclic aromatic 
hydrocarbons in urban stormwater runoff. Science of the Total Environment 359, 145-
155. 
Byrne, C.J., Deleon, I.R., 1987. Contributions of Heavy-Metals from Municipal Runoff 
to the Sediments of Lake Pontchartrain, Louisiana. Chemosphere 16, 2579-2583. 




Chakraborti D, Van Vaeck L, & Van Espen P. Calcutta pollutants: Part II. Polynuclear 
aromatic hydrocarbon and some metal concentration on air particulates during winter 
1984. Int J Environ Anal Chem, 32 (1988), pp. 109-120. 
Chang, M., Crowley, C.M., 1993. Preliminary-Observations on Water-Quality of Storm 
Runoff from 4 Selected Residential Roofs. Water Resources Bulletin 29, 777-783. 
Characklis, G.W. and Wiesner, M.R., 1997. Particles, Metals, and Water Quality in 
Runoff from Large Urban Watershed. Journal of Environmental Engineering, 123(8): 
753-759. 
Charlesworth, S., Everett, M., McCarthy, R., Ordonez, A., de Miguel, E., 2003. A 
comparative study of heavy metal concentration and distribution in deposited street dusts 
in a large and a small urban area: Birmingham and Coventry, West Midlands, UK. 
Environment International 29, 563-573. 
Charlesworth, S.M. and Lees, J.A., 1999. Particulate-Associated Heavy Metals in the 
Urban Environment: Their Transport from Source to Deposit. Chemosphere, 39(5): 833-
848. 
Chatterjee, A., Banerjee, R.N., 1999. Determination of lead and other metals in a 
residential area of greater Calcutta. Science of the Total Environment 227, 175-185. 
Chebbo, G. and Bachoc, A., 1992. Characterization of Suspended Solids in Urban Wet 
Weather Discharges. Water Science and Technology, 25(8):171-179. 
Chen, Y., Mills, S., Street, J., Golan, D., Post, A., Jacobson, M., Paytan, A., 2007. 
Estimates of atmospheric dry deposition and associated input of nutrients to Gulf of 
Aqaba seawater. Journal of Geophysical Research-Atmospheres 112. 
Chui, P.C., 1997. Characteristics of stormwater quality from two watersheds in Singapore. 
Environmental Monitoring and Assessment 44, 173-181. 
Church, T.M., Scudlark, J.R., 1998. Trace Metals in Estuaries: A Delaware Bay 
Synthesis. In: Herbert E. Allen, A.W.G., George W. Luther, III (Ed.). Metals in surface 
waters. Ann Arbor Press, Chelsea, Mich. 
Comber, S.D.W., Gunn, A.M., 1996. Heavy metals entering sewage-treatment works 
from domestic sources. Journal of the Chartered Institution of Water and Environmental 
Management 10, 137-142. 
Coughlin, R.W., Deshaies, M.R., Davis, E.M., 1990. Chitosan in Crab Shell Wastes 
Purifies Electroplating Wastewater. Environmental Progress 9, 35-39. 




Dakiky, M., Khamis, M., Manassra, A., Mer'eb, M., 2002. Selective adsorption of 
chromium(VI) in industrial wastewater using low-cost abundantly available adsorbents. 
Advances in Environmental Research 6, 533-540. 
Darnall et al., 1986. D.W. Darnall, B. Greene, M.T. Henzl, J.M. Hosea, R.A. McPherson, 
J. Sneddon and M.D. Alexander, Selective recovery of gold and other ions from an algal 
biomass. Environ. Sci. Technol. 20 (1986), pp. 206–208. 
Davidson, C.M., Delevoye, G., 2001. Effect of ultrasonic agitation on the release of 
copper, iron, manganese and zinc from soil and sediment using the BCR three-stage 
sequential extraction. Journal of Environmental Monitoring 3, 398-403. 
Davis, A.P., 2005. Green engineering principles promote low-impact development. 
Environmental Science & Technology 39, 338A-344A. 
Davis, A.P., Shokouhian, M., Ni, S.B., 2001. Loading estimates of lead, copper, cadmium, 
and zinc in urban runoff from specific sources. Chemosphere 44, 997-1009. 
Day JP, Hart M, Robinson MS. Lead in urban street dust. Nature 1975; 253:343– 5. 
deMiguel, E., Llamas, J.F., Chacon, E., Berg, T., Larssen, S., Royset, O., Vadset, M., 
1997. Origin and patterns of distribution of trace elements in street dust: Unleaded petrol 
and urban lead. Atmospheric Environment 31, 2733-2740. 
Dempsey, B.A., Tai, Y.L, Harrison, S.G., 1993. Mobilization and Removal of 
Contaminants Associated with Urban Dust and Dirt. Water Science and Technology, 
28(3): 225. 
Ellis J. B., Revitt, D. M., Shutes, R. B. E., Hamilton, R. S., 1986. The effects of 
urbanization on receiving water quality: Heay metal toxicity; in J F de LG Solbe, (ed.). 
Effects of landuse on freshwaters: Agriculture, Forestry, Mineral Exploitatio, 
Urbanization. Chichester: Ellis Horwood Limited. 473-447 
Ellis, B., 1991. Urban Runoff Quality in the Uk - Problems, Prospects and Procedures. 
Applied Geography 11, 187-200. 
Ellis, J.B. and Revitt, D.M., 1982. Incidence of Heavy Metals in Street Surface 
Sediments: Solubility and Grain Size Studies. Water, Air, and Soil Pollution, 17:87-100. 
Eriksson, E., Baun, A., Scholes, L., Ledin, A., Ahlman, S., Revitt, M., Noutsopoulos, C., 
Mikkelsen, P.S., 2007. Selected stormwater priority pollutants - a European perspective. 
Science of the Total Environment 383, 41-51. 
Evans, J.R., Davids, W.G., MacRae, J.D., Amirbahman, A., 2002. Kinetics of cadmium 
uptake by chitosan-based crab shells. Water Research 36, 3219-3226. 
 239 
 
Fergusson, J.E., Ryan, D.E., 1984. THE Elemental Composition OF Street Dust from 
Large and Small Urban Areas Related to City Type, Source and Particle-Size. Science of 
the Total Environment 34, 101-116. 
Ferreira-Baptista, L., De Miguel, E., 2005. Geochemistry and risk assessment of street 
dust in Luanda, Angola: A tropical urban environment. Atmospheric Environment 39, 
4501-4512. 
Flint, K.R., Davis, A.P., 2007. Pollutant mass flushing characterization of highway 
stormwater runoff from an ultra-urban area. Journal of Environmental Engineering-Asce 
133, 616-626. 
Florence, T.M., 1982. The Speciation of Trace-Elements in Waters. Talanta 29, 345-364. 
Flores-Rodriguez, J., Bussy, A.L., Thevenot, D.R., 1994. Toxic Metals in Urban Runoff: 
Physico-Chemical Mobility Assessment Using Speciation Schemes. Water Science and 
Technology, 29(1-2): 83-93. 
Gabaldon, C., Marzal, P., Alvarez-Hornos, F.J., 2006. Modelling Cd(II) removal from 
aqueous solutions by adsorption on a highly mineralized peat. Batch and fixed-bed 
column experiments. J. Chem. Technol. Biotechnol. 81, 1107-1112. 
Garnaud, S., Mouchel, J.M., Chebbo, G., Thevenot, D.R., 1999. Heavy Metal 
Concentrations in Dry and Wet Atmospheric Deposits in Paris District: Comparison with 
Urban Runoff. The Science of the Total Environment, 235(1-3):235-245. 
Gnecco, I., Berretta, C., Lanza, L.G., La Barbera, P., 2003. Storm water pollution in the 
urban environment of Genoa, Italy. 6th International Workshop on Precipitation in Urban 
Areas, Pontresina, SWITZERLAND, pp. 60-73. 
Granier, L., Chevreuil, M., Carru, A.M., Letolle, R., 1990. Urban Runoff Pollution by 
Organochlorines (Polychlorinated-Biphenyls and Lindane) and Heavy-Metals (Lead, 
Zinc and Chromium). Chemosphere 21, 1101-1107. 
Gromaire-Mertz, M.C., Garnaud, S., Gonzalez, A., Chebbo, G., 1999. Characterisation of 
urban runoff pollution in Paris. Water Science and Technology 39, 1-8. 
Guibal, E., Milot, C., Tobin, J.M., 1998. Metal-anion sorption by chitosan beads: 
Equilibrium and kinetic studies. Industrial & Engineering Chemistry Research 37, 1454-
1463. 
Gulson, B.L., Mizon, K.J., Law, A.J., Korsch, M.J., Davis, J.J., 1994. Source and 
Pathways of Lead in Humans from the Broken-Hill Mining Community - An Alternative 
Use of Exploration Methods. Economic Geology and the Bulletin of the Society of 
Economic Geologists 89, 889-908. 
 240 
 
Gupta, V.K., Sharma, S., 2003. Removal of zinc from aqueous solutions using bagasse 
fly ash a low cost adsorbent. Industrial & Engineering Chemistry Research 42, 6619-
6624. 
Hall, G.E.M., Vaive, J.E., Beer, R., Hoashi, M., 1996. Selective leaches revisited, with 
emphasis on the amorphous Fe oxyhydroxide phase extraction. Journal of Geochemical 
Exploration 56, 59-78. 
Hall, K.J. and Anderson, B.C., 1988. Toxicity and Chemical Composition of Urban 
Stormwater Runoff. Canadian Journal of Civil Engineering, 15(1): 96-106.  
Harrison, R.M., Laxen, D.P.H., Wilson, S.J., 1981. Chemical Associations of Lead, 
Cadmium, Copper, and Zinc In Street Dusts and Roadside Soils. Environmental Science 
& Technology 15, 1378-1383. 
Hatje, V., Rae, K., Birch, G.F., 2001. Trace metal and total suspended solids 
concentrations in freshwater: the importance of small-scale temporal variation. Journal of 
Environmental Monitoring 3, 251-256. 
Helena, B., Pardo, R., Vega, M., Barrado, E., Fernandez, J.M., Fernandez, L., 2000. 
Temporal evolution of groundwater composition in an alluvial aquifer (Pisuerga River, 
Spain) by principal component analysis. Water Research 34, 807-816. 
Hipp, B., Alexander, S., Knowles, T., 1993. Use of Resource-Efficient Plants to Reduce 
Nitrogen, Phosphorus, and Pesticide Runoff in Residential and Commercial Landscapes. 
1st International Conf on Diffuse ( Nonpoint ) Pollution : Sources, Prevention, Impact, 
Abatement, Chicago, Il, pp. 205-213. 
Hoffmann, P., Dedik, A.N., Deutsch, F., Sinner, T., Weber, S., Eichler, R., Sterkel, S., 
Sastri, C.S., Ortner, H.M., 1997. Solubility of single chemical compounds from an 
atmospheric aerosol in pure water. Atmospheric Environment 31, 2777-2785. 
Hu, G.P., Balasubramanian, R., 2003. Wet deposition of trace metals in Singapore. Water 
Air and Soil Pollution 144, 285-300. 
International Agency for Research on Cancer (IARC). Monographs on the evaluation of 
carcinogenic risks to humans. 43–53 (1991), Lyon. 
Ishii, K., Hayashi, H., Todaka, M., Kamohara, S., Kanai, F., Jinnouchi, H., Wang, L.H., 
Ebina, Y., 1995. Possible Domains Responsible for Intracellular Targeting and Insulin-
Dependent Translocation of Glucose-Transporter Type-4. Biochem. J. 309, 813-823. 




Jeje, L.K., Ogunkoya, O.O., Oluwatimilehin, J.M., 1991. Variation in Suspended 
Sediment Concentration during Storm Discharges in 3 Small Streams in Upper Osun 
Basin, Central Western Nigeria. Hydrological Processes 5, 361-369. 
Jim, C.Y., 1998. Urban soil characteristics and limitations for landscape planting in Hong 
Kong. Landscape and Urban Planning 40, 235-249. 
Joseph, O., Rouez, M., Metivier-Pignon, H., Bayard, R., Emmanuel, E., Gourdon, R., 
2009. Adsorption of heavy metals on to sugar cane bagasse: Improvement of adsorption 
capacities due to anaerobic degradation of the biosorbent. Environmental Technology 30, 
1371-1379. 
Karlsson, K., Viklander, M., 2008. Trace metal composition in water and sediment from 
catch basins. Journal of Environmental Engineering-Asce 134, 870-878. 
Kartal, S., Aydin, Z., Tokalioglu, S., 2006. Fractionation of metals in street sediment 
samples by using the BCR sequential extraction procedure and multivariate statistical 
elucidation of the data. Journal of Hazardous Materials 132, 80-89. 
Karthikeyan, S., Balasubramanian, R., 2006. Determination of water-soluble inorganic 
and organic species in atmospheric fine particulate matter. Microchemical Journal 82, 49-
55. 
Karthikeyan, S., Joshi, U.M., Balasubramanian, R., 2006. Microwave assisted sample 
preparation for determining water-soluble fraction of trace elements in urban airborne 
particulate matter: Evaluation of bioavailability. Analytica Chimica Acta 576, 23-30. 
 
Kicsi, A., Bilba, D., Macoveanu, M., 2007. Removal of zinc (II) from aqueous solutions 
by Romanian spragnum peat moss. Environ. Eng. Manag. J. 6, 205-209. 
Kim, D.S., 2003. The removal by crab shell of mixed heavy metal ions in aqueous 
solution. Bioresour. Technol. 87, 355-357. 
Kim, D.S., 2004. Pb2+ removal from aqueous solution using crab shell treated by acid 
and alkali. Bioresour. Technol. 94, 345-348. 
Kim, K.W., Myung, J.H., Ahn, J.S., Chon, H.T., 1998. Heavy metal contamination in 
dusts and stream sediments in the Taejon area, Korea. Journal of Geochemical 
Exploration 64, 409-419. 
Lau, S.L., Stenstrom, M.K., 2005. Metals and PAHs adsorbed to street particles. Water 
Research 39, 4083-4092. 
Lee, D.S., Garland, J.A., Fox, A.A., 1994. Atmospheric concentrations of trace elements 
in urban areas of the United Kingdom. Atmospheric Environment 28, 2691-2713. 
 242 
 
Lee, G.F., Joneslee, A., 1993. Water-Quality Impacts of Stormwater-Associated 
Contaminants - Focus on Real Problems. Water Science and Technology 28, 231-240. 
Lee, J.H., Bang, K.W., 2000. Characterization of urban stormwater runoff. Water 
Research 34, 1773-1780. 
Lee, J.H., Bang, K.W., Ketchum, L.H., Choe, J.S., Yu, M.J., 2002. First flush analysis of 
urban storm runoff. Science of the Total Environment 293, 163-175. 
Legret, M., Colandini, V., 1998. Effects of a porous pavement with reservoir structure on 
runoff water: Water quality and fate of heavy metals. Conference on Innovative 
Technologies in Urban Storm Drainage 1998 (NOVATECH 98), Lyon, France, pp. 111-
117. 
Leharne S, Charlesworth D, Choudhry B. A survey of metal levels in street dusts in an 
inner London Neighbourhood. Environment International 1992;18:263–70. 
Leung, A.O.W., Duzgoren-Aydin, N.S., Cheung, K.C., Wong, M.H., 2008. Heavy metals 
concentrations of surface dust from e-waste recycling and its human health implications 
in southeast China. Environmental Science & Technology 42, 2674-2680. 
Liu, Q.T., Diamond, M.L., Gingrich, S.E., Ondov, J.M., Maciejczyk, P., Stern, G.A., 
2003. Accumulation of metals, trace elements and semi-volatile organic compounds on 
exterior window surfaces in Baltimore. Environmental Pollution 122, 51-61. 
Lu, X., Wang, L., Lei, K., Huang, J., Zhai, Y., 2009. Contamination assessment of copper, 
lead, zinc, manganese and nickel in street dust of Baoji, NW China. Journal of Hazardous 
Materials 161, 1058-1062. 
Madany, I.M., Akhter, M.S., Jowder, O.A.A., 1994. The Correlations between Heavy-
Metals in Residential Indoor Dust and Outdoor Street Dust in Bahrain. Environment 
International 20, 483-492. 
Makepeace, D.K., Smith, D.W., Stanley, S.J., 1995. Urban Stormwater Quality - 
Summary of Contaminant Data. Critical Reviews in Environmental Science and 
Technology 25, 93-139. 
Manno, E., Varrica, D., Dongarra, G., 2006. Metal distribution in road dust samples 
collected in an urban area close to a petrochemical plant at Gela, Sicily. Atmospheric 
Environment 40, 5929-5941. 
Manoli, E., Samara, C. Polycyclic aromatic hydrocarbons in natural waters: sources, 
occurrence and analysis. Trends Anal. Chem. 18 (1999), pp. 417–428. 
Marsalek, J., Rochfort, Q., Brownlee, B., Mayer, T., Servos, M., 1999. An Exploratory 
Study of Urban Runoff Toxicity. Water Science and Technology, 39(12):33-39. 
 243 
 
Mason, B.H., 1966. Principles of geochemistry. Wiley, New York,. 
Masri, M.S., Reuter, F.W., Friedman, M., 1974. Binding of Metal Cations by Natural 
Substances. Journal of Applied Polymer Science 18, 675-681. 
McKay, G., Blair, H.S., Findon, A., 1989. Equilibrium Studies for the Sorption of Metal-
Ions onto Chitosan. Indian Journal of Chemistry Section a-Inorganic Bio-Inorganic 
Physical Theoretical & Analytical Chemistry 28, 356-360. 
McPherson, T.N., Burian, S.J., Stenstrom, M.K., Turin, H.J., Brown, M.J., Suffet, I.H., 
2005. Trace metal pollutant load in urban runoff from a Southern California watershed. 
Journal of Environmental Engineering-Asce 131, 1073-1080. 
Meza-Figueroa, D., De la O-Villanueva, M., De la Parra, M.L., 2007. Heavy metal 
distribution in dust from elementary schools in Hermosillo, Sonora, México. 
Atmospheric Environment 41, 276-288. 
Ministry of Environment (MOE). 2003. The Singapore Green Plan 2012: Beyond Clean 
and Green Towards Environmental Sustainability, The Ministry of Environment. 
Minton, G.R., 2002. Stormwater Treatment: Biological, Chemical, and Engineering 
Principles. Gary Minton, Seattle, Washington, 416 pp. 
Morrison, G.M., Revitt, D.M., Ellis, J.B., 1990. Metal Speciation in Separate Stormwater 
Systems. Water Science and Technology, 22(10):53-60. 
Morrison, G.M., Revitt, D.M., Ellis, J.B., Balmer, P., Svensson, G., 1983. Heavy Metal 
Partitioning Between the Dissolved and Suspended Solid Phases of Stormwater Runoff 
from a Residential Area. Science of the Total Environment, 33:237. 
Morrison, G.M., Revitt, D.M., Ellis, J.B., Svensson, G., Balmer, P., 1984. The Physio- 
Chemical Speciation of Zinc, Cadmium, Lead, and Copper in Urban Stormwater, in 
Proceedings of the Conference on Urban Storm Drainage, Third International Conference, 
P. Balmer, P. Malmqvist, and Sjoberg, A., editors, Goteborg, Sweden (3): 989. 
Morton, S.D., 1976. Water pollution : causes and cures. : Mimir Publishers, Madison, 
Wis. 
Murakami, M., Nakajima, F., Furumai, H., 2005. Size- and density-distributions and 
sources of polycyclic aromatic hydrocarbons in urban road dust. Chemosphere 61, 783-
791. 
Murakami, M., Nakajima, F., Furumai, H., 2008. The sorption of heavy metal species by 
sediments in soakaways receiving urban road runoff. Chemosphere 70, 2099-2109. 
 244 
 
Murakami, M., Nakajima, F., Furumai, H., Tomiyasu, B., Owari, M., 2007. Identification 
of particles containing chromium and lead in road dust and soakaway sediment by 
electron probe microanalyser. Chemosphere 67, 2000-2010. 
Muzzarelli et al., 1980 R.A.A. Muzzarelli, F. Tanfani and G. Scarpini , Chelating, film-
forming, and coagulatin ability of the chitosan–glucan complex from Aspergillus niger 
industrial wastes. Biotechnol. Bioeng. 37 (1980), pp. 270–276. 
Muzzarelli, R.A.A., Miliani, M., Cartolari, M., Genta, I., Perugini, P., Modena, T., 
Pavanetto, F., Conti, B., 2000. Oxychitin-chitosan microcapsules for pharmaceutical use. 
Stp Pharma Sciences 10, 51-56. 
Niu, H., Volesky, B., 2001. Gold adsorption from cyanide solution by chitinous materials. 
J. Chem. Technol. Biotechnol. 76, 291-297. 
Niu, H., Volesky, B., 2003. Characteristics of anionic metal species biosorption with 
waste crab shells. Hydrometallurgy 71, 209-215. 
Novotny, V., 2003. Water quality : diffuse pollution and watershed management. J. 
Wiley, Hoboken, NJ. 
Olivella M. Àngels, Polycyclic aromatic hydrocarbons in rainwater and surface waters of 
Lake Maggiore, a subalpine lake in Northern Italy. Chemosphere, 63 (2006), pp. 116-131 
Olmez, I., Beal, J.W., Villaume, J.F., 1994. A New Approach to Understanding Multiple-
Source Groundwater Contamination - Factor-Analysis and Chemical Mass Balances. 
Water Research 28, 1095-1101. 
Ordonez, A., Loredo, J., De Miguel, E., Charlesworth, S., 2003. Distribution of heavy 
metals in the street dusts and soils of an industrial city in Northern Spain. Archives of 
Environmental Contamination and Toxicology 44, 160-170. 
Pitt, R.E. and Bissonette, P., 1984. Bellevue urban runoff program: summary report, 
Bellevue, Washington. 
Pope W., 1980. Impacts of man in Catchments (ii) Roads and Urbanization. In 
A.M.Gower (ed.). Water quality in catchment ecosystems. Chichester: John Wiley and 
Sons. 73-112. 
Prych, E.A. and Ebbert, J.C., 1986. Quantity and Quality of storm runoff from three 
urban catchments in Bellevue, Washington, Water-Resources Investigations Report 86-
4000, U.S. Geological Survey, Washington, D.C. 
Public Utility Board (PUB), 2009. Code of Practice on surface water drainage. < 
http://www.pub.gov.sg/general/code/Pages/default.aspx >  (Accessed, 15 Nov 2009) 
 245 
 
Ramirez, M., Massolo, S., Frache, R., Correa, J.A., 2005. Metal speciation and 
environmental impact on sandy beaches due to El Salvador copper mine, Chile. Marine 
Pollution Bulletin 50, 62-72. 
Revitt, D.M., Hamilton, R.S., Warren, R.S., 1990. The Transport of Heavy Metals Within 
a Small Urban Catchment. The Science of the Total Environment, 93:359-373. 
Revitt, D.M., Hamilton, R.S., Warren, R.S., 1990. The Transport of Heavy Metals Within 
a Small Urban Catchment. The Science of the Total Environment, 93:359-373. 
Rezaur, R.B., Rahardjo, H., Leong, E.C., Lee, T.T., 2003. Hydrologic behavior of 
residual soil slopes in Singapore. Journal of Hydrologic Engineering 8, 133-144. 
Ruellan, S., Cachier, H., 2001. Characterisation of fresh particulate vehicular exhausts 
near a Paris high flow road. Atmospheric Environment 35, 453-468. 
Rule, K.L., Comber, S.D.W., Ross, D., Thornton, A., Makropoulos, C.K., Rautiu, R., 
2006. Diffuse sources of heavy metals entering an urban wastewater catchment. 
Chemosphere 63, 64-72. 
Sabin, L.D., Lim, J.H., Stolzenbach, K.D., Schiff, K.C., 2005. Contribution of trace 
metals from atmospheric deposition to stormwater runoff in a small impervious urban 
catchment. Water Research 39, 3929-3937. 
Sanger, D.M., Holland, A.F., Scott, G.I., 1999. Tidal Creek and Salt Marsh Sediments in 
South Carolina Coastal Estuaries: I. Distribution of Trace Metals. Archives of 
Environmental Contamination and Toxicology, 37: 445-457. 
Sansalone, J.J., Buchberger, S.G., 1997. Partitioning and first flush of metals in urban 
roadway storm water. Journal of Environmental Engineering-Asce 123, 134-143. 
Sansalone, J.J., Buchberger, S.G., Koechling, M.T., 1995. Correlations between Heavy 
Metals and Suspended Solids in Highway Runoff: Implications for Control Strategies. 
Transportation Research Record, pp 112-119. 
Sauve, S., Hendershot, W., Allen, H.E., 2000. Solid-Solution Partitioning of Metals in 
Contaminated Soils: Dependence on pH, Total Metal Burden, and Organic Matter. 
Environ. Sci. Technol. 34, 1125-1131. 
Seolatto, A.A., Camara, M.M., Cossich, E.S., Tavares, C.R.G., Silva, E.A., 2009. Zinc(II) 
desorption by Sargassum filipendula biomass in batch and in fixed-bed column for 
multiple sorption-regeneration cycles. Water Science and Technology 60, 357-362. 
Sezgin, N., Ozcan, H.K., Demir, G., Nemlioglu, S., Bayat, C., 2004. Determination of 
heavy metal concentrations in street dusts in Istanbul E-5 highway. Environment 
International 29, 979-985. 
 246 
 
Sheng, P.X., Wee, K.H., Ting, Y.P., Chen, J.P., 2008. Biosorption of copper by 
immobilized marine algal biomass. Chemical Engineering Journal 136, 156-163. 
Shrestha, S., Kazama, F., 2007. Assessment of surface water quality using multivariate 
statistical techniques: A case study of the Fuji river basin, Japan. Environmental 
Modelling & Software 22, 464-475. 
Shukla, S.R., Pai, R.S., 2005. Adsorption of Cu(II), Ni(II) and Zn(II) on modified jute 
fibres. Bioresour. Technol. 96, 1430-1438. 
Simeonov, V., Stratis, J.A., Samara, C., Zachariadis, G., Voutsa, D., Anthemidis, A., 
Sofoniou, M., Kouimtzis, T., 2003. Assessment of the surface water quality in Northern 
Greece. Water Research 37, 4119-4124. 
Singapore public utility board, 2007, ABC Waters Program, 
http://www.pub.gov.sg/abcwaters/Pages/default.aspx . (Accessed 15 Nov 2009) 
Singapore statistics, 2006, 2008, 2009. Year book of statistics Singapore. 
Smeda, A., Zyrnicki, W., 2002. Application of sequential extraction and the ICP-AES 
method for study of the partitioning of metals in fly ashes. Microchemical Journal 72, 9-
16. 
Song, X.H., Polissar, A.V., Hopke, P.K., 2001. Sources of fine particle composition in 
the northeastern US. Atmospheric Environment 35, 5277-5286. 
Southichak, B., Nakano, K., Nomura, M., Chiba, N., Nishimura, O., 2008. Marine 
macroalga Sargassum horneri as biosorbent for heavy metal removal: roles of calcium in 
ion exchange mechanism. Water Science and Technology 58, 697-704. 
Stone, M. and Marsalek, J., 1996. Trace Metal Composition and Speciation in Street 
Sediments: Sault Ste. Marie, Canada. Water, Air, and Soil Pollution, 87:149-169. 
Sutherland, R.A., Tolosa, C.A., 2000. Multi-element analysis of road-deposited sediment 
in an urban drainage basin, Honolulu, Hawaii. Environmental Pollution 110, 483-495. 
Tack, F.M.G., Verloo, M.G., 1995. Chemical Speciation and Fractionation in Soil and 
Sediment Heavy-Metal Analysis - A Review. International Journal of Environmental 
Analytical Chemistry 59, 225-238. 
Taebi, A., Droste, R.L., 2004. Pollution loads in urban runoff and sanitary wastewater. 
Science of the Total Environment 327, 175-184. 
Tai, Y.L., 1991. Physical and Chemical Characterization of Street Dust and Dirt from 




Tanizaki, Y., Shimokawa, T., Yamazaki, M., 1992. Physico-chemical speciation of trace 
elements in urban streams by size fractionation. Water Research 26, 55-63. 
Tanner, P.A., Ma, H.-L., Yu, P.K.N., 2008. Fingerprinting Metals in Urban Street Dust of 
Beijing, Shanghai, and Hong Kong. Environ. Sci. Technol. 42, 7111-7117. 
Taty-Costodes, V.C., Fauduet, H., Porte, C., Delacroix, A., 2003. Removal of Cd(II) and 
Pb(II) ions, from aqueous solutions, by adsorption onto sawdust of Pinus sylvestris. 
Journal of Hazardous Materials 105, 121-142. 
Thomson, N.R., McBean, E.A., Snodgrass, W., Monstrenko, I.B., 1997. Highway 
stormwater runoff quality: Development of surrogate parameter relationships. Water Air 
and Soil Pollution 94, 307-347. 
Tokalioglu, E., Kartal, S., 2006. Multivariate analysis of the data and speciation of heavy 
metals in street dust samples from the Organized Industrial District in Kayseri (Turkey). 
Atmospheric Environment 40, 2797-2805. 
Tuccillo, M.E., 2006. Size fractionation of metals in runoff from residential and highway 
storm sewers. Science of the Total Environment 355, 288-300. 
Ure, A.M., Quevauviller, P., Muntau, H., Griepink, B., 1993. Speciation of Heavy-Metals 
in Soils and Sediments - An Account of the Improvement and Harmonization of 
Extraction Techniques Undertaken Under the Auspices Of The BCR of the Commission-
of-the-European-Communities. International Journal of Environmental Analytical 
Chemistry 51, 135-151. 
USEPA, Methods for the determination of metals in environmental samples, U.S. 
Environmental Protection Agency, Cincinnati (1992) 339 
Van Metre, P.C., Mahler, B.J., 2003. The contribution of particles washed from rooftops 
to contaminant loading to urban streams. Chemosphere 52, 1727-1741. 
Vega, M., Pardo, R., Barrado, E., Deban, L., 1998. Assessment of seasonal and polluting 
effects on the quality of river water by exploratory data analysis. Water Research 32, 
3581-3592. 
Vijayaraghavan, K., Jegan, J., Palanivelu, K., Velan, M., 2004. Removal of nickel(II) 
ions from aqueous solution using crab shell particles in a packed bed up-flow column. 
Journal of Hazardous Materials 113, 225-232. 
Vijayaraghavan, K., Teo, T.T., Balasubramanian, R., Joshi, U.M., 2009. Application of 
Sargassum biomass to remove heavy metal ions from synthetic multi-metal solutions and 
urban storm water runoff. Journal of Hazardous Materials 164, 1019-1023. 
Volesky B. Biosorbents for metal recovery. TIBTECH 1987; 5: 96-101. 
 248 
 
Volesky, B. (1990). Biosorption of Heavy Metals, CRC Press, Boca Raton, FL, USA. 
Volesky, B., Holan, Z.R., 1995. Biosorption of Heavy-Metals. Biotechnology Progress 
11, 235-250. 
Walker, W.J., McNutt, R.P., Maslanka, C.K., 1999. The potential contribution of urban 
runoff to surface sediments of the Passaic River: Sources and chemical characteristics. 
Chemosphere 38, 363-377. 
Wang, T., 1981. Transport, Deposition, and Control of Heavy Metals in Highway Runoff. 
Masters Thesis, University of Washington, Seattle, 78 pp. 
Wang, W.H., Wong, M.H., Leharne, S., Fisher, B., 1998. Fractionation and biotoxicity of 
heavy metals in urban dusts collected from Hong Kong and London. Environmental 
Geochemistry and Health 20, 185-198. 
Welch, E.B., 1980. Ecological Effects of Wastewater: Applied Limnology and Pollutant 
Effects. Chapman and Hall, New York, New York, 424 pp. 
Whipple, W. and Hunter, Jospeh V., 1979. Petroleum Hydrocarbons in urban runoff. 
Water Resources Bulletin, 15(4), 1096-1105 
Year Book of Statistics, 2009. Singapore Department of Statistics. ISSN: 0583–3655. 
<http://www.singstat.gov.sg/pubn/reference/yos/yos2008.pdf>. 
Zhang, M.K., Wang, H., 2009. Concentrations and chemical forms of potentially toxic 
metals in road-deposited sediments from different zones of Hangzhou, China. Journal of 
Environmental Sciences-China 21, 625-631. 
Zhang, Y., Guo, F., Meng, W., Wang, X.Q., 2009. Water quality assessment and source 
identification of Daliao river basin using multivariate statistical methods. Environmental 
Monitoring and Assessment 152, 105-121. 
 249 
 
Appendix A: List of Publications 
PEER-REVIEWED JOURNAL PUBLICATIONS 
 
 Joshi UM, Rao R., Lakshminarayanan S., and Ralasubramanian R. (2010). 
Assessment of Urban Runoff Quality Using Multivariate Statistical Techniques 
(to be submitted). 
 Joshi U.M., Rao R., Vijayaraghavan K., and Balasubramanian R. Speciation and 
Statistical Analysis of Trace Elements in Street Dust from Different Land Use 
Types of an Urban Area, Atmospheric Environment (Submitted). 
 Joshi UM, Ralasubramanian R. (2010). Characteristics And Environmental 
Mobility Of Trace Elements in Urban Runoff From A Tropical Country. 
Chemosphere Vol 80 pp. 310-318. 
 Vijayaraghavan K, Joshi UM, Balasubramanian R, 2009.  Removal of metal ions 
from stormwater runoff by low-cost sorbents batch and column studies, Journal 
of Environmental Engineering (accepted).  
 Joshi UM, Vijayaraghavan K, Balasubramanian R, 2009. Elemental composition 
of urban street dusts and their dissolution characteristics in various aqueous media. 
Chemosphere Vol 77pp. 526–533. 
 Vijayaraghavan K, Arun M, Joshi UM, Balasubramanian R, 2009. Biosorption of 
As(V) onto the Shells of the Crab (Portunus sanguinolentus): Equilibrium and 
Kinetic Studies. Industrial & Engineering Chemistry Research Vol 48 pp. 
3589-3594. 
 Vijayaraghavan K, Teo TT, Balasubramanian R, UM Joshi, 2009. Application of 
Sargassum biomass to remove heavy metal ions from synthetic multi-metal 
solutions and urban storm water runoff. Journal of Hazardous Materials Vol 
164 pp. 1019-1023. 
 Vijayaraghavan K, Arun M, Joshi UM, Balasubramanian R, 2009. A 
Comparative Study of Seven Materials as Sorbents for Removal of Metal Ions 
from Real Storm Water Runoff. Chemical Engineering Transactions Vol 17 pp. 
379-384. 
 Perumal SV, Joshi UM, Karthikeyan S, and Balasubramanian R, 2007. 
Biosorption of lead(II) and copper(II) from storm water by brown seaweed 
Sargassum sp.: Batch and column studies. Water Science and Technology Vol 









 Joshi UM, Ralasubramanian R, Sharma VK. 2008. Potential of Ferrate(VI) in 
Enhancing Urban Runoff Water Quality. In:  ACS Symposium Series titled “Ferrates: 
Synthesis, Properties, and Applications in  Water and Wastewater Treatment (ed. V.K. 




 Joshi UM, Vijayaraghavana K, Balasubramanian R. Heavy Metals in Urban 
Runoff: Distribution and Treatment. Young Water Talents Symposium 22nd 
June2009. Suntec Singapore  
 Joshi UM, Vijayaraghavana K, Balasubramanian R. 2008. Street Dust: A 
Potential Source of Trace Metals to Receiving Water Bodies. Singapore 
International Water Week.  
 Joshi UM, Vijayaraghava K, Karthikeya S, Quek SH, Balasubramania R. 2008. 
Heavy Metals in Street Dust: Characterization, Spatial Distribution and 
Multivariate Statistical Analysis. 12th International Conference on Integrated 
Diffuse Pollution Management. 25-29 August. Khon Kaen University, Thailand. 
 Joshi UM, Balasubramanian R. Urban Runoff: Its Significance, Chemical 
Characteristics, And Possible Chemical Treatment. International Conference on 
Technologies for Waste and Wastewater Treatment, Remediation of contaminated 
Sites and Emissions Related to Climate. 26-28 November 2007. Kalmar, Sweden. 
 Joshi UM, Sundararajan VP, Karthikeyan S, Balasubramanian R. 
Characterization of Urban Runoff in Singapore. 10th International Specialized 
Conference, Diffused Pollution and Sustainable Basin Management, 18-22 
September 2006, Istanbul, Turkey. 
 Perumal SV, Joshi UM, Karthikeyan S, Balasubramanian R. Biosorption of 
lead(II) and copper(II) from storm water by brown seaweed Sargassum sp.: Batch 
and column studies. 10th International Specialized Conference, Diffused Pollution 
and Sustainable Basin Management, 18-22 September 2006, Istanbul, Turkey. 
 
